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INTRODUCTION
Species invasions in the Great Lakes have altered freshwater ecosystems (Mills et al., 1993,
Sturtevant et al., 2019). Most Great Lakes invasions are linked to international trade, via movement
through the Welland Canal and associated waterways beginning in the early 1800s. The Welland
Canal, which separated Lakes Erie and Ontario, was expanded into the St. Lawrence Seaway in
1959 and has been a vector for over 180 invasive and non-native species in Great Lakes ecosystems
(Atkinson and Domske, 2015). To be considered invasive, an organism must enter a new
environment, and eventually spread, engaging in community interactions which harm the
ecosystem (Colautti et al., 2004).
Species invasion can harm ecosystems both biotically and physically. Biotic alterations
include loss of native species and trophic shifts that can change the food web indefinitely (Higgins
and Vander Zanden, 2010). The physical effects of species invasion can include habitat alterations
such as changes in substrate surface area and interstitial space in lake and stream sediments. These
impacts can be associated with the deposition of invasive bivalve shells (Freeman, 2013).
Invasive bivalves such as Asian clams (Corbicula spp.), zebra and quagga mussels
(Dreissena spp.) have been a persistent problem in the Great Lakes for decades. In North America,
Asian clams were first reported in the Columbia River in Washington in 1938 (Counts, 1986) but
were not noted in the Great Lakes until they were found obstructing discharge outlets of power
plants in Lake Erie in 1981 (Foster et al., 2016). Another group of invasive bivalves, Dreissenid
mussels, invaded the Great Lakes in the late 1980s through the ballast water of ships and were
found throughout the lakes and surface waters by 1990. By the early 1990s, dreissenids escaped
from the Great Lakes into the Detroit, Ohio, Illinois and Mississippi Rivers and have moved
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westward through the United States (Benson et al., 2014). Since their invasion, some Corbicula
and Dreissena species have established in small rivers and streams throughout North America.
The effects of Dreissena and Corbicula invasions are well documented in the Great Lakes;
however, few studies have assessed their impacts on stream benthic habitat. Invasive dreissenids
and Corbicula physically alter benthic habitats via high population densities of living and dead
individuals. Dreissenid mussels adhere to lake and river substrates using strong, connective fibers
called byssal threads. When hard substrates are unavailable, they can attach to one another forming
clusters called druses that can move freely with currents (Strayer and Malcolm, 2006). Unlike
dreissenid mussels, Corbicula species burrow in silt, sand and gravel substrates of lakes and rivers
(Vaughn and Hakenkamp, 2001, Hakenkamp et al., 2001). When dreissenid and Corbicula
populations collapse, hinge ligaments and byssal threads degrade and massive quantities of
scattered shells remain in the environment.
In lakes and large rivers, the presence of empty bivalve shells is associated with higher
abundances and diversity of invertebrate species by providing new habitat and increasing the
surface area of benthic environments (Botts et al., 1996, Ward and Ricciardi, 2007). In general,
lakes and large rivers tend to have lower macroinvertebrate diversity than stream systems.
Consequently, invertebrate responses to bivalve invasions in streams may be drastically different
than those observed in lakes and large rivers.
In addition to impacts on macroinvertebrates, habitat changes caused by invasive bivalve
shells may have deleterious effects on spawning habitats of some native fish species, while
facilitating the establishment of invasive fish in the Great Lakes. In a field manipulation
experiment using artificial reefs in the Great Lakes, Marsden and Chotkowski (2001) found that
egg deposition, hatching rates, and native juvenile fish populations are reduced in zebra mussel

3

fouled areas. However, Kobak et al. (2016) found that increased benthic complexity caused by
dreissenid shells provides habitat and food resources for the invading Ponto-Caspian racer, and
western tubenose gobies (Kobak et al., 2016). Though Marsden and Chotkowski (2001) and Kobak
et al. (2016) illustrate shifts in fish community composition in response to bivalve shell deposition
in large lakes, their impacts on urban stream fish communities in southeastern Michigan and more
broadly, the United States are unknown.
In southeastern Michigan, many lakes and rivers in the Rouge, Huron, and Clinton River
watersheds have experienced bivalve invasions that alter habitat and influence benthic community
composition. In addition to bivalve invasions, these three watersheds are subjected to extensive
urban land use (Beam et al., 1998, Francis et al., 2006). Urbanization can dramatically impact
aquatic biota in part, by increasing sedimentation, altering hydrology and changing water
chemistry (McMahon, 2014, Peterson et al., 1998, Walsh et al., 2005).
The combined effects of urbanization and bivalve shell deposits on benthic communities
can be unpredictable. Streams associated with urban watersheds routinely experience losses of
sensitive macroinvertebrate species (Bazinet et al., 2010, Voelz et al., 2005). Bivalve shell
deposition can impose further pressure, reduce species diversity and alter community tolerance to
existing stressors in urban stream ecosystems.
Though there are many investigations into the impacts of bivalve invasions on native biotic
communities, the effects of a changing climate on these processes are not well understood. Since
their initial North American invasion into the Great Lakes, dreissenid mussels have spread to lake
and river ecosystems in all directions; however. they appear to be limited by climate. Dreissenid
mussels are not commonly found in warmer, southern waters that exceed 25°C or small, northern
rivers and ponds, which freeze seasonally (Spidle et al., 1995).
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Unlike dreissenids, Corbicula were first reported in the Pacific Northwest, progressed
southeast, then moved northward into the Great Lakes. Asian clams are amongst the most
widespread invasive bivalves in North America (McMahon, 1999) and have established in rivers
and lakes throughout North America, from Canada to Puerto Rico (Counts, 1986). This expansive
habitat range results from generally broad environmental tolerances; however, Asian clams are
limited to shallow, oxygenated waters, which may freeze seasonally in the northern United States
and Canada compromising their establishment. However, Asian clams are ubiquitous in the Great
Lakes, associated rivers and waterways where they add complex, novel habitat to the benthic
environment. Surface water temperatures in the Great Lakes have been consistently increasing
since the mid-1990s due to elevated atmospheric temperatures in the spring and summer months
(Gronewald et al., 2013). This trend is predicted to intensify (Kottek et al., 2006, 2010), which
may reduce freezing events and lead to further range expansions of Asian clams in Midwestern
rivers and streams.
Many native benthic macroinvertebrate and fish communities in small stream (<30m wide)
ecosystems are subjected to multiple environmental stressors such as urbanization and climate
change. Sensitive stream benthic macroinvertebrates such as ephemeropterans, plecopterans, and
trichopterans, and fish populations like salmonids, centrarchids, and catostomids have restrictive
habitat preferences, which can be compromised as bivalves invade. Changing habitats can shift
community tolerance, weaken important trophic linkages and may limit feeding and spawning
grounds utilized by benthic communities (Marsden and Chotkowski, 2001, and Kobak et al.,
2016).
This research investigates the physical impacts of bivalve shell deposition on benthic
community diversity and tolerance, and how multiple stressors (i.e., urbanization, climate, bivalve
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shell deposition) can differentially affect sensitive benthic macroinvertebrate and fish
communities. I predict that in urban systems with dense dreissenid and/or Corbicula invasions,
habitat losses caused by bivalve invasions can reduce benthic diversity and community tolerance.
However, in rural systems with fewer anthropogenic stressors, and urban areas with low levels of
invasive bivalves, I believe that shell deposition can (re)introduce habitat heterogeneity, resulting
in increases in benthic diversity and community tolerance metrics. Additionally, I investigate how
invasive bivalves and varying densities of shell deposition impact community responses to existing
stressors such as urbanization, and climate warming.
In the first chapter, I examined the impacts of dreissenid shell deposition on benthic
macroinvertebrate and fish community responses in several locations within southeastern
Michigan’s Rouge and Huron rivers through a natural experiment investigating streams with
varying densities of dreissenid shell deposits. My second chapter addresses the impacts of
dreissenid shell deposition in the Rouge, Huron and, additionally, the Clinton rivers on
macroinvertebrate colonization through a field manipulation experiment that utilized in-situ,
enclosed mesocosms to evaluate habitat selection by regional benthic fauna in rural and urban
reaches of each river. In the final chapter of my dissertation, I investigate the impacts of climate
on Asian clam invasions, variation in population densities, individual size and how they influence
macroinvertebrate assemblages across climate types in Michigan, Ohio, Georgia, and Puerto Rico.
This information provides insights to the impacts of shell deposition on macroinvertebrate and fish
community diversity and tolerance in urban streams. My dissertation research fills an important
gap in the ecological literature and will allow restoration and management groups to make more
informed decisions regarding maintenance of river substrates and conservation of native benthic
fauna.
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CHAPTER 1: INVASIVE MUSSEL SHELLS IN STREAMS CAN RESTRUCTURE
HABITAT AND IMPACT MACROINVERTEBRATE AND FISH COMMUNITIES.
Introduction
Invasive dreissenids, zebra (Dreissena polymorpha) and quagga mussels (D. rostriformis
bugensis), have been a persistent problem in the Laurentian Great Lakes for decades. They were
first reported in the Great lakes in the late 1980s, where they were introduced through the ballast
water of cargo ships; however, by the early 1990s, their range expanded beyond the Great Lakes
into the Illinois, Hudson, and Mississippi Rivers, and have since moved westward throughout
North America (Benson et al., 2014).
Invasive dreissenids can colonize new environments, alter biotic interactions in ecosystems
and change physical conditions (Holeck et al., 2004). Biotic alterations include changes to the food
web which can cause trophic shifts and displace native species. As voracious filter feeders,
dreissenid mussels rapidly remove phytoplankton from the water column, and physically shift
nutrient flow in aquatic food webs from pelagic to benthic primary production (Higgins and
Vander Zanden, 2010). With few predators in North America, seemingly uncontrolled populations
of dreissenid mussels reproduce rapidly and can change ecosystems via physical alterations to
benthic substrate. Such alterations include increasing sediment surface area and interstitial space
in lake and stream substrates through the deposition of hard, calcium carbonate shells as living
mussels expire (Gutiérrez et al., 2003). Additionally, both quagga and zebra mussels can
accumulate on hard substrate (e.g., rocks, sea walls, native mussel shells) while quagga mussels’
habitat also includes soft substrate (e.g., sand) compromising the habitats of many aquatic
organisms.
The impacts of dreissenid invasions and subsequent shell deposits in large river and lake
benthic communities have been extensively researched throughout North America and Europe.
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The presence of living dreissenids and empty mussel shells in the North American large lakes and
rivers correlate with an increase in abundance and diversity of invertebrates as they add habitat
complexity and surface area to benthic environments. Specifically, pollution-tolerant taxa like
chironomids, turbellarians, oligochaetes and hydrozoans increased in abundance in areas with both
live dreissenids and empty shells (Botts et al., 1996, Ward and Ricciardi, 2007). Only one family,
Chironomidae, showed greater abundance in the presence of living rather than dead dreissenids
(Botts et al., 1996). Thus, some taxa may be more sensitive to the impacts of living mussels, while
others are more impacted by the physical presence of “legacy” shell deposits from past dreissenid
invasions.
In addition to the impacts of empty dreissenid shell deposits on macroinvertebrates, their
influence can extend to higher trophic levels by altering food resources and reducing spawning
habitat. Dreissenid shell deposition can limit access to cobble substrates which are utilized by
centrarchids and salmonids for spawning. For example, Marsden and Chotkowski (2001) found
trout populations in Lake Michigan were deterred from spawning in dreissenid-fouled artificial
reefs, with many eggs unhatched when compared to uninvaded cobble substrates. Conversely,
mussel shell deposits can provide habitat and food resources for nonnative fish species such as the
racer goby (Babka gymnotrachelus) and western tubenose goby (Proterorhinus semilunaris),
potentially facilitating their establishment (Kobak et al., 2016). Changes in fish community
composition resulting from dressenid invasions can present additional stressors, and further impact
community assembly of their macroinvertebrate prey species.
In general, stream benthic habitats are more heterogenous than those of lakes and large
rivers, providing refugia for macroinvertebrates and larval nurseries for migratory fish. Benthic
habitats are defined by the diversity of sediments which can consist of boulders, cobbles, pebbles,
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sand, silt and clay. In lentic systems, coarse sediments are generally found in the littoral zone with
finer sediments in the profundal benthos. This is contrasted by shallow, fast moving lotic systems
like small streams and headwaters, which commonly feature intermittent riffle, run and pool
sequences that provide dynamic, small-scale habitat that is utilized by benthic communities
(McCabe, 2011). Dreissenid shell deposits can homogenize stream habitat, obscuring diverse
substrates used as feeding and spawning grounds by fish and macroinvertebrates. With higher
levels of habitat heterogeneity, stream benthic community responses to habitat losses caused by
dreissenid shells could be more disruptive to native communities than those observed in large lotic
or lentic aquatic ecosystems.
The physical effects of mussel invasions are well documented in lakes and large rivers (≥30
meters wide); however, few studies have been conducted to assess these impacts in small streams
(<30 meters wide), and tributaries. This is, in part, due to past insinuations that small streams are
not susceptible to dreissenid invasions (Strayer, 1991); however, several small streams in the
midwestern United States, and throughout the Laurentian Great Lakes region have reported
extensive dreissenid invasions. As an anthropogenic stressor, dreissenid invasions in streams
commonly occur in reaches of river that are under the pressure of urbanization.
Multiple stressors associated with urbanization can compromise habitat heterogeneity in
streams via flashy hydrology and sedimentation resulting from residential and industrial
development projects. The stress of urbanization is known to degrade sensitive macroinvertebrates
and benthic fish communities (Walsh et al., 2005). As such, the impacts of dreissenid shell
deposition could be enhanced when coupled with multiple stressors associated with urbanization.
The aim of this study was to determine the impact of dreissenid mussel shell deposits on
stream benthic communities (i.e., fish and macroinvertebrates) in urban streams. I hypothesize that
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shell densities will be higher at dreissenid invaded streams when compared to those with only
native shells and that habitats impacted by mussel shell deposits will obscure cobble and pebble
substrates utilized by sensitive benthic species resulting in fish and macroinvertebrate community
changes. I believe that macroinvertebrate and fish diversity, evenness and tolerance will decrease
as shell densities increase.
Materials and Methods
Study Sites
Sampling sites
were
areas

selected
of

from
known

dreissenid invasions in
the Rouge and Huron
rivers,
Figure 1. Huron (left) and Rouge (right) River watersheds located in
southeastern Michigan (USA). Shaded areas represent population density,
with darker regions signifying the densest populations.

located

in

southeastern
Michigan. These rivers

are approximately the same size by length (204 and 210 km, respectively), but their watersheds
differ as the Huron drainage area is 2352 km2 while the Rouge is only 1210 km2. Though the
Rouge River watershed is half the size of the Huron, it features larger human populations, and its
land use is uniformly urban (Figure 1). Regardless, both watersheds feature urban centers, high
human population densities, and are subject to urban stressors such as stream channelization,
sedimentation, and pollution (Hay-Chmielewski et al., 1995, Beam and Braunscheidel, 1998).
Sites in the Rouge and Huron River watersheds were selected based on similarities in
habitat, and the presence and density of dreissenid shell deposits in benthic substrates. Locations
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of invaded sites in the Rouge and Huron rivers were obtained through personal communication
with Friends of Rouge River (S. Petrella, personal communication, 2017), Huron River Watershed
Council (Dr. P. Steen, personal communication, 2017) and by referencing the publicly available
United States Geological Survey Nonindigenous Aquatic Species Database (2017).
To

quantify

variation in mussel shell
deposits and evaluate their
impacts on benthic fish
and

macroinvertebrate

communities, eight sites in
both the Rouge and Huron
Figure 2. Sampling sites in the Rouge (west) and Huron (east) River
watersheds in southeastern Michigan (USA). Triangles represent
dreissenid invaded sites, and circles signify sites without invasions.

rivers were assessed (n=8;
Table 1, Figure 2). Of the

eight sites within each river, four sites with dreissenid shells and four reference sites with no
invasive shell deposits were selected. Shell deposition from native organisms (Ancylidae,
Planorbidae, Pleuroceridae, Lymnaeidae, Unionidae, Sphaeriidae) and the invasive Asian clam
(Corbiculidae) were noted and contributed to overall shell densities at all sites.
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Table 1. Global Positioning System (GPS) coordinates and locations where dreissenid mussels are present
and absent in Rouge and Huron River sites in southeastern Michigan (MI, USA).

Habitat assessment
At all sites, river habitat was ranked using the Ohio Environmental Protection Agency
Qualitative Habitat Evaluation Index (QHEI) (Rankin, 1989), and shell densities were quantified.
Shell densities were quantified using a ½ m2 frame quadrat that was randomly tossed in triplicate
at each site. Individual valves were removed from within the quadrat area, rinsed in a 2mm mesh
sieve, manually separated from pebble and cobble, counted, and a mean quantity of shells per m2
was calculated. Most shells that were retrieved from river substrates were intact single valves,
partial shells, and fragments. This is common in bivalve shell deposits as mussel hinge ligaments
readily degrade when individual organisms perish. Each individual valve constituted a single shell
unit and partial shells and shell fragments were included in shell density quantifications when they
were at least 50% as large as the smallest valve that was retrieved from river substrates.
In addition to qualitative habitat evaluations and shell quantifications, flow rates and water
chemistry (i.e., temperature, pH, dissolved oxygen, conductivity) were recorded during all
sampling events. Water chemistry values were recorded using a YSI pro DO meter with an optical
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sonde, and the surface float method was used to determine river current velocity (Rantz et al.,
1982).
Macroinvertebrate assessment
In July and August of 2017, differences in stream benthic macroinvertebrate communities
were determined at invaded and uninvaded sites in both rivers using the Environmental Protection
Agency’s (EPA) Rapid Bioassessment Protocol 2 (RBP2; Barbour et al., 1992). The multiple
habitat approach was used to assess 100 meter reaches of river in each site location, targeting riffles
with cobble and dreissenid shell deposits, and pools with coarse particulate organic material
(CPOM) (Barbour et al., 1992). When cobble substrates of riffle zones were not present, an
alternative habitat such as a run was selected which provided optimum benthic diversity for the
selected reach of river. Pools with CPOM were present at all sampling sites.
Multiple habitat macroinvertebrate sampling in riffles and pools was conducted using a Dnet (150-µm mesh). To establish uniformity in sampling among sites, 20 kicks were evenly
distributed among cobble in riffles, gravel and pebble in runs, and submerged woody debris in
pools to collect samples in each river reach. D-net samples were then transferred to an enamel pan
where all visible macroinvertebrates were removed from the sample (Barbour et al., 1992, 1999).
When dreissenids were detected, they were counted as contributors to the benthic
macroinvertebrate community. After separating macroinvertebrates, organisms were isolated,
preserved in 90% ethanol and transported to the laboratory where they were later classified to
family.
Fish assessment
Fish species were assessed at all 16 sites (n=8) during and after normal spawning periods
from April to July and from August to October 2017, respectively, to detect changes in community
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composition and tolerance. Fish were gathered using a 3 X 1.25m nylon mesh seine (3.18mm
mesh) for one hour, targeting potential spawning habitat within river reaches. Fish were collected
and contained in buckets until the entire site had been assessed. Water within the buckets was
refreshed as needed to maintain temperature and oxygen levels consistent with the river. Once
sampling was complete, fish were identified to the lowest possible taxonomic unit and released.
Data Analysis
All data analysis was conducted using the R Project for Statistical Analysis, with statistical
significance set at α=0.050, and data were tested using t-tests, ANCOVAs and non-parametric
alternatives when appropriate. Assumptions of linearity were assessed visually, normal
distributions of residuals were tested with Shapiro-Wilks tests, and Bartlett’s tests were used to
detect homogeneity of variance. In most cases data was normally distributed among the mean, but
some assessments ln - (shell density) square root- (Simpson diversity, community evenness and %
Ephemeroptera, Plecoptera and Trichoptera; %EPT), or reciprocal root- (Benthic Index of Biotic
Integrity, B-IBI) transformed to meet this assumption. Shell density, QHEI results, and water
chemistry values were pooled between the Rouge and Huron rivers, and between dreissenid
invaded and uninvaded sites and compared using Welch’s t-tests or non-parametric Mann-Whitney
rank sum tests (Nguyen-Feng and Stellmack 2016). Descriptive statistics were used to determine
mean, maximum and minimum shell densities to inspect differences among rivers, invaded and
uninvaded sites using the Rcmdr package in R (Fox, 2005, Fox, 2017, and Fox, 2020).
A suite of widely accepted ecological indices was used to evaluate benthic
macroinvertebrate and fish community composition (Shannon diversity, Shannon, 1948; Simpson
diversity, Simpson, 1949; Pielou’s evenness, Pielou, 1966) and tolerance to environmental
stressors (Hilsenhoff biotic Index, Hilsenhoff, 1987; %EPT taxa, Lenat, 1988; BIBI, [Benthic
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Index of Biotic Integrity], Morley, 2000) (Ephemeroptera, Plecoptera, Trichoptera) for each site.
Community composition indices were used to quantify different types of species (fish), or families
(macroinvertebrates) within a dataset by integrating measures of evenness, richness and abundance
via proportions, weighted arithmetic means and loss of sensitive organisms. Macroinvertebrate
community tolerance to organic pollution and sedimentation was tested using metrics that are
specifically designed for macroinvertebrates (Morley, 2000), and the health of fish communities
was tested using those specific to fish (IBI, [Index of Biotic Integrity], Karr et al., 1986).
Macroinvertebrate community tolerance metrics used to evaluate stream quality included
the Hisenhoff Biotic Index (HBI) and Benthic Index of Biotic Integrity (B-IBI). The HBI, which
estimates community tolerance to organic pollution, was conducted for each site as required by the
EPA’s RBP2 protocols (Hilsenhoff 1987, Barbour et al., 1989). The HBI quantifies overall
community tolerance, weighted by the relative abundance of each taxon and ranks them on a scale
from 0 to 10. The family level B-IBI was used to measure stream quality and macroinvertebrate
biological condition. It is comprised of 5 metrics: total taxa richness, Ephemeroptera richness,
Plecoptera richness, Trichoptera richness and percent dominance (Morley, 2000). After the B-IBI
metrics were calculated, they were assigned a 1, 3 or 5, depending on how they compared to an
undisturbed (5), somewhat degraded (3) or severely degraded (1) site.
The fish Index of Biotic Integrity (IBI) was used to address a broad range of fish
assemblage characteristics and includes 12 metrics in 3 categories: species composition, trophic
composition, and fish abundance and condition. Six of the 12 metrics are specified to species
composition including total number of fish species, darter species, sunfish species, sucker species,
intolerant and tolerant species. To address trophic composition, the IBI documents the proportion
of individuals as omnivores, insectivorous cyprinids and piscivores. Finally, to evaluate the fish
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abundance and condition the total number of individuals, hybrids, proportion of diseased and
damaged individuals are counted. Results of the 12 metrics in the IBI are then normalized to a
number between 0 and 60 and can be compared (Karr et al., 1986).
Macroinvertebrate and fish community composition and tolerance metric results for
uninvaded and invaded sites were pooled by river and compared using analyses of covariance
(ANCOVA) with pairwise comparisons of adjusted means. The most parsimonious linear model
was selected using Akaike information criterion (AIC) (Akaike, 1976, Venables and Ripley, 2002),
and the lowest AIC value was selected using the step() function in R. ANCOVAs included river
(fixed effect) and shell density (covariate) as predictors and metric results served as response
variables. Interaction effects occur when the impact of one predictor on the response variable is
enhanced by another predictor. ANCOVA models were also used to evaluate the effects of
interaction between the covariate and fixed factors to test homogeneity of slopes. If a significant
response to shell density or an interaction between shell density and river was detected, a post hoc
analyses was conducted using liner regression to explore the relationship. Otherwise,
macroinvertebrate analysis included a single grouping variable, river, and p-values from the
ANCOVAs indicated differences between its levels.
Fish communities were assessed using a repeated measure, mixed model analysis with the
lmerTest package (Kuznetsova et al., 2017), and post hoc analysis of significant results was
conducted using the emmeans package. In mixed model, repeated measures analyses there are two
categories of effects, within and between subjects. Within subject effects relate to time and are
central to repeated measures between sites. These effects would include fixed predictor variables
like spawning season, and its interactions with river and shell density. Between subject effects
include predictor variables that do not include time but are averaged over the predictor variable
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season. The fixed effects include river, shell density and interactions between river and shell
density. River site was denoted as a random effect since regression assumes independent
observations, and river sites were tested both during and after spawning season. The impact of
river site on overall variance was tested using the ranova function in the lmerTest package.
Analyses of variance (ANOVA) were conducted on linear model results and Tukey’s tests were
used to determine differences between rivers and by spawning season (Nguyen-Feng and
Stellmack 2016).
Linear regressions were conducted when differences in metrics were detected in response
to changes in shell density to observe the specific impact of shell deposition in each river or
spawning period (Nguyen-Feng and Stellmack 2016).
Results
Habitat assessment

Table 2. Qualitative Habitat Evaluation Index (QHEI) data for
dreissenid invaded and uninvaded reaches in the Rouge and
Huron rivers, southeastern Michigan (MI, USA).
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The overall habitat quality was ranked as “good” (>55) or “excellent” (>70) using the
OHEI in both rivers for all 16 sites (t(13)=-1.007, p=0.33, Welch’s t-test) regardless of variations
in shell densities (Table 2). Sites with dreissenid shells present had higher shell densities than those
with only native shells in both rivers (W=0, p=<0.001, Wilcoxon rank sum test) (APPENDIX A,
Figure S1), but there was no difference in shell density between rivers (W=30, p=0.83, Wilcoxon
rank sum test) (APPENDIX A, Figure S2). The mean shell densities in invaded sites were 352
times higher (4046 shells/m2) than uninvaded sites in the Rouge River (11.5 shells/m2), and 833
times higher (5413 shells/m2) in the Huron (6.5 shells/m2). Although, the difference in mean shell
densities of invaded and uninvaded

A

sites was greater in the Huron River
than the Rouge, the maximum quantity
of shells in the Rouge River was
13,733per m2, while the densest site in

B

the Huron had 11,516 per m2 (Figure 3,
Rouge River

A). Only the highest shell density site,

Huron River

which is in the Rouge River (NL),
Figure 3. Mean dreissenid shell densities per m2 at (A)
invaded and (B) uninvaded sites in the Rouge and Huron
rivers, southeastern Michigan (USA). Grey bars are sites
located in the Huron River and White bars are in the Rouge.
Error bars are standard error (±SE).

featured a small population living
dreissenid mussels (6%). The minimum
quantity of shells at invaded sites in the

Rouge and Huron rivers was 58 and 437 per m2, respectively. Mean shell densities in uninvaded
sites in the Rouge and Huron rivers was 11.5 and 6.5 per m2, with maximums of 28 and 14 per m2,
minimums of 0 in both cases (Figure 3, B).
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Physical parameters and water chemistry values such as river flow rate, temperature, pH,
dissolved oxygen and conductivity did not differ by river or by shell density during
macroinvertebrate sampling in the summer (p>0.13, ANCOVA) (Table 3). However, flow rate did
vary between the Rouge and Huron rivers during fish sampling events (F(1,15)=5.70, p=0.03,
ANCOVA) in spring and fall (Table 4).
Table 3. Water quality and river flow data during macroinvertebrate sampling events in early summer,
2017 in the Rouge and Huron rivers, southeastern Michigan (MI, USA).
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Table 4. Water quality and river flow data during fish sampling events in the spring/early summer and fall
seasons, 2017 in the Rouge and Huron rivers, southeastern Michigan (MI, USA).

Macroinvertebrate assessment
Macroinvertebrate Shannon diversity did not differ between Rouge (M=1.47, SE=0.87) and
Huron Rivers (M=1.74, SE=0.87) (F(1,13)=3.313, p=0.09, ANCOVA main effect), and was not
impacted by increasing dreissenid shell densities (F(1,12)=1.366, p=0.26, ANCOVA covariate)
(Figure 4, A). The Akaike Information Criterion (AIC) (Akaike, 1976) was used to select the best
possible model to describe the impact of river, shell density and their interaction on
macroinvertebrate Shannon Diversity. Using this model selection tool, I retained river and shell
density, but excluded the interaction.
Unlike Shannon diversity results, all three predictor variables were retained when
analyzing the impact of shells (F(1,12)=0.304, p=0.59, ANCOVA covariate), river
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(F(1,12)=0.230, p=0.64, ANCOVA main), and their interaction (F(1,12)=3.005, p=0.10,
ANCOVA interaction) on macroinvertebrate community evenness. However, these variables did
not strongly impact evenness; no effects were significant at p<0.05. Moreover, mean evenness,
when averaged across shell density, did not differ between the Rouge (M=0.71, SE=0.77) and
Huron (M=0.71, SE=0.68) rivers (Figure 4, B).
A

B
sq. rt (evenness)

1
0.9
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5
ln(Mean Shell Density)
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Figure 4. Macroinvertebrate Shannon diversity (A) and community evenness (B) in river reaches with
increasing invasive bivalve shell densities in the Rouge and Huron rivers in southeastern Michigan (USA).
Rouge River data is signified by squares and its trendline is dashed, while Huron data are triangles and
trendline is solid.

Likewise, Simpson diversity index results did not differ between the Rouge (M=3.09,
SE=1.02) and Huron rivers (M=4.01, SE=1.01) (F(1,14)=2.632, p=0.12, river effect, ANCOVA)
(Figure 5, A). Shell density and interaction effects were excluded from the reduced model using
AIC, and only a single variable, river, was retained.
Means of Hilsenhoff Biotic Index (HBI) results differed between rivers (F(1,14)=5.612,
p=0.03, ANCOVA main) and presented as 4.77 (SE=0.99) in the Rouge and 6.19 (SE=1.17) in the
Huron River (Figure 5B). These results indicate a “good” score for the Rouge and “fairly poor”
stream quality in the Huron River. To achieve the most parsimonious model, the AIC did not retain
shell density, or its interaction with river as variables. This reduced model included only river site
as a variable to assess HBI results.
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Figure 5. Macroinvertebrate Simpson diversity (A) and the Hilsenhoff Biotic Index (HBI) (B) in river
reaches with increasing invasive bivalve shell densities in the Rouge and Huron rivers in southeastern
Michigan (USA). Rouge River data is signified by squares and its trendline is dashed, while Huron data are
triangles and trendline is solid.

The relative abundance of sensitive gilled macroinvertebrates (%Ephemeroptera,
Plecoptera and Trichoptera; %EPT) did not differ when comparing the Rouge and Huron rivers
(F(1,13)=1.732, p=0.21, ANCOVA main), but increasing shell density impacted %EPT in both
rivers (F(1,13)=4.673, p=0.04, ANCOVA covariate). Since shell density differed, means were
adjusted for the covariate and it was found that sensitive gilled organisms comprised 34% of the
Rouge, and 22% of the Huron River benthic community (Figure 6, A). To find the best possible
model to explore the impacts of river site, shell density and their interaction on EPT taxa, the AIC
was used to validate the exclusion of interaction effects from the model but retained the variables
river site, and shell density. A negative relationship between the % EPT composite index and shell
density was only observed in the Rouge (F(1,6)=10.478, p=0.01, R2=0.63, linear regression), and
no effect was observed in the Huron River (F(1,6)=0.100, p=0.76, R2=0.01, linear regression)
(Figure 6, A).
The Benthic Index of Biotic Integrity (B-IBI) is a macroinvertebrate community tolerance
metric which is sensitive to sedimentation. There was no difference in B-IBI between river sites
(F(1,13)=2.194, p=0.16, ANCOVA main), but differences were noted as shell densities increased
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in both rivers (F(1,13)=7.07, p=0.01, ANCOVA covariate). B-IBI means were adjusted for shell
density (covariate) and found to be 9.6 in the Rouge and 14 in the Huron (APPENDIX A, Table
S1). This indicates “poor” stream quality in the Rouge and a “fair” score in the Huron River.
Interaction effects were excluded, and the reduced model included 2 variables, river site and shell
density. No differences in B-IBI scores were detected as shell density increased in the Huron River
(F(1,6)=2.539, p=0.16, R2=0.29) or Rouge River (F(1,6)=0.102, p=0.75, R2=0.01) (Figure 6, B).
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Figure 6. Relative abundance of sensitive, gilled Ephemeroptera, Plecoptera and Trichoptera (%EPT) (A)
and the Benthic Index of Biotic Integrity (B-IBI) (B) in river reaches with increasing invasive bivalve shell
densities in the Rouge and Huron rivers in southeastern Michigan (USA). Rouge River data is signified by
squares and its trendline is dashed, while Huron data are triangles and trendline is solid.
Table 5. Community diversity and tolerance metric results for macroinvertebrate communities in invaded
and uninvaded river reaches of the Rouge and Huron rivers in southeastern Michigan (MI, USA).
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Fish Community Assessment
Fish community Shannon diversity did not differ during and after spawning seasons (within
subjects effects) (F(1,10)=0.067, p=0.79, ANOVA fixed), and there were no interactions detected
between spawning season and shell density (F(1,12)=0.355, p=0.56, ANOVA interaction),
spawning season and river (F(1,11)=0.395, p=0.54, ANOVA interaction), or spawning season,
river and shell density (F(1,11)=0.000, p=0.99, ANOVA interaction). When averaging across
spawning seasons (between subjects effects), there was no difference in Shannon diversity when
comparing the Rouge and Huron rivers (F(1,11)=0.000, p=0.98, ANOVA fixed), or by increasing
shell densities (F(1,12)=0.000, p=0.97, ANOVA fixed) (Figure 7, A). There were no interactions
between river and shell density (F(1,10)=0.052, p=0.82, ANOVA interaction), and site effects did
not increase variance in fish Shannon diversity results (p=0.13, ranova random). Means of fish
community Shannon diversity in Rouge River sites were 1.21 (SE=0.16) in spring, and 1.31
(SE=0.19) in fall, while in the Huron it was 1.43 (SE=0.16) in spring and 1.43 (SE=0.16) in fall.
Simpson diversity did not differ by spawning season (F(1, 10)=0.55, p=0.81, ANOVA
fixed), season and river (F(1,10)=0.119, p=0.73, ANOVA interaction), season and shell density
(F(1,11)=0.025, p=0.87, ANOVA interaction), or river, season and shell density (F(1,11)=0.023,
p=0.88, ANOVA interaction). When averaging across spawning seasons (between subjects
effects), Simpson diversity showed no difference when compared between the Rouge and Huron
rivers (F(1,11)=0.041, p=0.84, ANOVA fixed), nor was it influenced by increasing dreissenid shell
densities (F(1,12)=0.027, p=0.87, ANOVA fixed) (Figure 7, B). Likewise, there were no
interactions between river and shell density (F(1, 12)=0.324, p=0.57, ANOVA interaction), and
site effects did not impact diversity (p=0.09, ranova random). Means of fish Simpson diversity in

24

the Rouge was 3.03 (SE=0.56) in the spring, and 3.12 (SE=0.64) in the fall. In the Huron River,
mean diversity was 3.16 (SE=0.56) in spring and 3.57 (SE=0.56) in fall.

Figure 7. Two diversity measures used to evaluate fish communities during and after spawning periods in
river reaches with increasing invasive bivalve shell densities in the Rouge and Huron rivers in southeastern
Michigan (USA). (A) is Shannon diversity and (B) is Simpson diversity. Rouge River data during spawning
season is represented as squares and its trendline is solid, and after spawning it is diamond with a large,
dashed trendline. Huron River data during spawning are triangles and the trendline is solid, and afterwards
data are circles and its trendline is dots.

There was no difference in community evenness during and after spawning season
(F(1,11)=0.036, p=0.85, ANOVA fixed), and no interaction between season and river
(F(1,11)=0.274, p=0.61, ANOVA interaction), season and increasing shell density (F(1,11)=0.326,
p=0.57, ANCOVA interaction) or river, season and density (F(1,11)=0.087, p=0.77, ANOVA
interaction). When averaging across spawning seasons (between subjects effects), there was no
difference in fish community evenness by river site (F(1,11)=0.055, p=0.81, ANOVA fixed) or
shell density (F(1,11)=0.008, p=0.92, ANOVA fixed) (Figure 8, A), and there were no interactions
between river and shell density (F(1,11)=0.004, p=0.95, ANOVA interaction) that impacted
community evenness. Differences in site was not responsible for additional variation in community
evenness results (p=0.661, ranova random). Means of fish community evenness results were 0.67
(SE=0.06) for the Rouge River in spring and 0.68 (SE=0.07) in fall, and 0.68 (SE=0.06) the Huron
River in spring and 0.73 (SE=0.06) in fall.
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Fish Index of Biotic Integrity (IBI) results showed a trend toward significance when
comparing results during and after spawning season (F(1,10)=3.679, p=0.08, ANOVA fixed)
where IBI values were slightly lower during spawning periods than afterwards. However, there
were no within subjects interactions detected between season and river (F(1, 10)=0.193, p=0.66,
ANCOVA interaction), season and density (F(1,10)=1.200, p=0.29, ANOVA interaction), or
season, density and river (F(1,10)=0.007, p=0.932, ANCOVA interaction). When averaging across
spawning seasons (between subjects effects), IBI results did not differ when compared between
the Rouge and Huron rivers (F(1,12)=0.020, p=0.88, ANOVA fixed), as shell density increased
(F(1,12)=2.178, p=0.16, ANOVA fixed) (Figure 8, B), and there was no interaction between river
and density (F(1,12)=0.605, p=0.45, ANOVA interaction). Site effects contributed significant
variance to IBI results (p=0.002, ranova random). Means of fish IBI results in the Rouge River
were 23.7 (SE=2.78) in spring and 27.1 (SE=3.03) in the fall, and in the Huron, they were 27.5
(SE=2.79) in spring and 29.1 (SE=2.79) in fall (APPENDIX A, Table S2).

Figure 8. Fish community evenness (A) and the fish Index of Biotic Integrity (IBI) during and after fish
spawning periods in river reaches with increasing invasive bivalve shell densities in the Rouge and Huron
rivers in southeastern Michigan (USA). Rouge River data during spawning season is represented as squares
and its trendline is solid, and after spawning it is diamond with a large, dashed trendline. Huron River data
during spawning are triangles and the trendline is solid, and afterwards data are circles and its trendline is
dots.
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Table 6. Community diversity and tolerance metric results for fish communities during and after spawning
season and in invaded and uninvaded river reaches of the Rouge and Huron rivers in southeastern Michigan
(MI, USA).
Invasion status

River

Season
Spawning

Rouge River

Post spawning
Dreissenids present
Spawning
Huron River
Post spawning

Spawning
Rouge River
Post spawning
Dreissenids absent
Spawning
Huron River
Post spawning

Discussion

p-value

Community diversity
Community tolerance
Site code Shannon-Weiner Simpson's dominance Pielou's evenness
IBI
PL
0.848
1.97
0.772
22
WB
1.18
2.3
0.661
22
WL
0.542
1.29
0.337
18
NL
1.65
4.16
0.849
16
PL
No data
No data
No data
No data
WB
No data
No data
No data
No data
WL
0.906
1.79
0.562
14
NL
1.44
3.42
0.743
22
KL
1.51
3.39
0.725
26
IP
0.671
1.44
0.416
24
RP
1.82
4.61
0.762
28
PortL
1.71
3.81
0.742
28
KL
1.51
2.73
0.725
22
IP
1.56
4.26
0.874
30
RP
2.28
7.21
0.866
32
PortL
1.14
2.28
0.587
28
QL
1.04
2.24
0.751
18
SP
1.81
4.95
0.821
32
ED
0.733
1.41
0.377
28
HP
1.88
5.89
0.908
34
QL
0.689
1.43
0.385
20
SP
1.77
4.81
0.809
44
ED
1.57
3.861
0.715
28
HP
1.63
4.31
0.839
40
DM
1.67
3.75
0.728
38
PrL
1.27
2.75
0.655
26
WhL
1.31
2.75
0.729
18
HM
1.43
2.82
0.654
32
DM
1.72
4.27
0.751
42
PrL
1.36
3.49
0.848
16
WhL
0.908
2.13
0.655
26
HM
0.983
2.23
0.549
36
0.962
0.805
0.955
0.0375

Dreissenid shell deposition
Expansive dreissenid invasions have been reported and observed in several of Michigan’s
Great Lakes tributaries, including the Rouge and Huron rivers. Historic data provided by Friends
of the Rouge stated that many of the Rouge River’s invaded sites once supported dreissenid
populations. However, published data for dreissenid invasions in both rivers are scarce, and it is
unclear whether deposited shells are from former, legacy populations or that they have been
deposited from upstream sources. Dreissenid invaded lakes and large rivers can commonly provide
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a near constant supply of upstream, planktonic veligers and adult mussels that can be rinsed
downstream into new habitat (Horvath et al.,1996, Smith et al., 2015).
Regardless of the source of dreissenid mussel shells, shell deposition was remarkably
higher in sites where invasive dreissenids were present when compared to uninvaded sites.
Although shell densities were lower in uninvaded sites, they were still many empty shells of native
mollusks such as ancylid, lymnaeid, planorbid, pleurocerid, spaeriid and unionid mussels. Unionid
mussels often provide a colonization substrate for invasive dreissenids (Schlosser et al., 1996), and
empty shells from both invasive and native mollusks are commonly found in dreissenid invaded
sites. At their highest densities, dreissenid shell deposition in the Rouge and Huron rivers
completely obscured natural stream substrates such as cobble, pebble, sand, and native shells
resulting in habitat heterogeneity losses (personal observation).
Dreissenid shell impacts on macroinvertebrate communities
Southeastern Michigan is characterized by a warm, humid continental climate (Kottek et
al., 2006) and is known to feature a robust macroinvertebrate regional species pool. Sites that had
little or no dreissenid shell deposition had diverse native habitat and high macroinvertebrate
diversity, and these regions of each river were rife with sensitive macroinvertebrates like
Ephemeroptera, Plecoptera, Trichoptera, some Coleoptera and gilled gastropods. As shell density
increased, these sensitive groups were replaced by tolerant organisms such as isopods, amphipods
and a diverse dipteran community. Although this species replacement was reminiscent of what
Botts et al. (1996) observed in dreissenid-fouled lake sediments, it differed in that there was no
overall diversity increase detected in the Rouge and Huron River benthic community. As such,
community changes were not evident when evaluating diversity metrics like the Shannon-Weiner
index (Shannon, 1948), Simpson’s dominance (Simpson, 1949) and Pielou’s evenness (Pielou,
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1966), although tolerance metrics indicated differences between rivers and in response to changing
shell densities.
Macroinvertebrate Hilsenhoff Biotic Index (HBI) values were lower in the Rouge than the
Huron River but increasing dreissenid shell density had no impact on HBI results. These results
indicate that Huron River macroinvertebrate communities may be more sensitive to organic
pollution (Hilsenhoff, 1987) than those in the Rouge River. Although the Rouge and Huron River
watersheds have high human populations, the Huron River drainage area is almost twice as large
as the Rouge. It is possible that the larger, Huron River drainage area is subjected to more
environmental stressors like residential/industrial lawn fertilization, agricultural land use, and
stormwater runoff than the Rouge. As such, variation in watershed drainage area may greatly
impact macroinvertebrate tolerance to organic pollution (HBI) in these two river systems (Walsh
et al., 2005).
Linear regression analysis indicated that the Rouge River showed a reduction in %EPT
(Ephemeroptera, Plecoptera, and Trichoptera) families as shell density increased, but that these
impacts were not detected in the Huron River. However, ANCOVA showed that there was no
effect of interaction, and that the impacts of shell density on the relative abundance of EPT is
consistent between rivers. Though there is conflict between test results, visual interpretation of the
data suggests that shell density adversely impacts sensitive gilled macroinvertebrate species in
both rivers. Though this effect is present in both rivers, it appears dampened in the Huron River.
Regression analysis did not indicate that B-IBI scores have a linear relationship, but
ANCOVA showed a significant impact of shell densities on B-IBI scores. Though there are
similarities in the B-IBI and %EPT metrics, the B-IBI accounts for species dominance and overall
family richness and the %EPT test does not. With that, it is likely that increasing shell densities
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had a greater impact on Huron River dominant species and may have impacted macroinvertebrates
outside of the sensitive EPT community. These differences could have to do with differences in
land use in each watershed.
Because the Rouge River has a smaller drainage area, higher human population density
and impermeable surface areas with as many miles of mainstem river as the Huron, habitat losses
caused by shell deposition could have greater impacts with higher levels of urban land use (Miltner
et al., 2004, Walsh et al., 2005, 2007). It is possible that years of heightened urban land use in the
Rouge River watershed has already diminished its most sensitive benthic macroinvertebrates, and
that the impacts of sedimentation and shell deposition have carved out a more balanced, tolerant
benthic community (Beam and Braunscheidel, 1998). This could be an example of pollution
induced community tolerance (PICT) where an environmental stressor, pollutant or toxin applies
selection pressure on a community, removing sensitive organisms and creating opportunities for
tolerant species to proliferate (Clements and Rohr, 2009).
The Huron River watershed has less urban land usage (e.g., human population densities,
impervious surfaces) than the Rouge. Although the Huron River has fewer urban stressors and
more rural space, it had a lower relative abundance of sensitive gilled organisms that were not
impacted as shell densities increased. However, when evaluating stream health with the B-IBI, a
macroinvertebrate metric that is sensitive to sedimentation, Huron scores dropped more steeply
than the Rouge. This indicates that although the EPT community may be more resilient to shell
deposition in the Huron River than the Rouge, there may still be losses in other sensitive organisms
such as Coleopterans and gilled snails that are detected by the composite, B-IBI metric (e.g., family
richness, species dominance), but not when evaluating %EPT taxa alone.
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Dreissenid shell impacts on fish communities
Much like macroinvertebrates, benthic fish communities rely on diverse habitats like
riprap, cobble, interstitial space, and woody debris. Many freshwater fish use river substrates for
spawning, feeding, and refugia from predators. In the Rouge and Huron rivers, many families like
ictalurids (catfish), catostomids (suckers), and leuciscids (stone rollers) feed on periphyton found
on hard river substrates like cobble and gravel (Beam and Braunscheidel, 1998). Other fish
families utilize diverse river substrates for spawning. For instance, male centrarchids (sunfish) use
their caudal fins to dig depressions in sandy substrates to attract mates, and similarly, female
salmonids (trout and salmon) create redds using their body and tail to carve out areas in the sand
to deposit eggs (Soulsby et al., 2001). In lake systems, dense beds of mussel shells may bury
natural cobble and pebble (Nalepa and Fahnensteil, 1995) and alter habitat (Stewart et al., 1998).
The shells themselves have a relatively low mass but can be sharp and jagged. If nesting or feeding
benthic fish populations are presented with sharp and jagged invasive mussel shells while
anticipating natural substrates, it is possible that they may forego these processes and abandon
these regions completely (Wilson et al., 2010).
Although no significant impacts were noted in fish community metrics (Shannon, 1948,
Simpson, 1949, Pielou, 1966, Karr et al., 1986), the Index of Biotic Integrity (IBI) presented
interesting results. Though these results were not statistically significant (p=0.08), IBI scores
appeared to be lower in areas with high shell densities during normal spawning periods, but not
afterwards. Specifically, fewer intolerant species, piscivores, cyprinids, and leuciscids were
observed in high density shell deposition sites during spawning periods. Conversely sunfish, which
use benthic substrates as spawning grounds, did not appear to be affected by higher shell densities
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in either season. This could indicate no impact of dreissenid shells for use in crafting spawning
nests.
Conclusion
Due to differences in morphology and streamflow, dreissenids are not as successful in
small streams (<30m) as in large slow flowing rivers and lakes, but they can be transported from
upstream sources and find microhabitat sites where they can establish. However, these
environments are rarely sustainable, and populations commonly die and leave their shells behind.
The physical impacts of dreissenid shell deposition may be profound as shells can degrade habitat
causing losses in habitat heterogeneity. The contribution of dreissenid shells as a novel benthic
substrate in rivers can have impacts across multiple trophic levels. Dreissenid mussel deposition
can cause losses in habitat, reduce the relative abundance of sensitive macroinvertebrate (i.e., EPT)
species. Consistent with previous research in lakes, mussel shells did not correlate with increases
in macroinvertebrate diversity, but high shell densities impacted benthic macroinvertebrate raising
their overall tolerance. This research also indicated that benthic fish communities may be
particularly sensitive to dreissenid shells in spawning periods. As such, dreissenid shell deposition
in small streams can profoundly impact sensitive and ecologically important communities across
trophic levels.

32

CHAPTER 2: THE DUALITY OF SHELL DEPOSITION; HOW ZEBRA MUSSEL
SHELLS INTRODUCE A NOVEL SUBSTRATE IN URBAN AND DEGRADE HABITAT
IN RURAL STREAMS
Introduction
Invasive dreissenid mussels, zebra (Dreissena polymorpha) and quagga (D.
bugensis), which are native to the brackish waters of the Black, Caspian and Azov seas, arrived in
the Laurentian Great Lakes region in the early 1980s (Haag, 1994). Zebra mussels dominated
dreissenid populations early in their establishment in lakes and remain the dominant dreissenid in
lotic systems. Since their establishment they have changed Great Lakes ecosystems by disrupting
the food web, altering nutrient cycling and modifying habitat. With extensive food resources and
no natural predators, mussel populations can grow exponentially. When mussel populations
increase, high food demands drive resources down and mussel populations recede, organisms die,
and their shells remain in benthic substrates. This process can repeat, and stacks of mussel shells
can be left behind altering the benthic habitat (Gutierrez et al., 2003).
The impacts of zebra mussel shell deposition are well researched in lakes and large rivers
(>30m) (Strayer, 1991, Botts et al., 1996, Ward and Ricciardi, 2007), but their impacts on small
rivers and streams is less understood. Compared to large rivers, smaller systems have more contact
with their terrestrial watershed, based on surface volume to area ratios, and therefore disturbances
may have a greater impact on small streams as compared to larger rivers. As dreissenid shells
accumulate, they can introduce novel habitats to lake and river substrates that can impact benthic
communities (Marsden and Chotkowski, 2001, Kobak et al., 2016, Hunt and Kashian, 2021).
Stream and small river benthic communities can be more sensitive to changes in habitat than in
lakes and large rivers (McCabe, 2011), and as a result, invasive mussel shell deposition could have
a more profound impact on their benthic communities.
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Habitat changes in streams and small rivers caused by invasive mussel shell deposition
differ based on shell density. At low quantities and early in their invasion, invasive mussel shells
may provide a novel substrate which could contribute to habitat diversity in small streams. If
invasive mussel introductions provide new habitat, increased habitat diversity may initially
correlate to higher levels of diversity in the benthic community until shell density becomes so
dense it results in habitat loss, or mussel populations crash due to other environmental factors. Due
to the calcium carbonate component of zebra mussel shells, and the limestone derived Great Lakes,
shells degrade slowly and accumulate over time where they can obscure normal substrates. As
such, habitat alterations caused by zebra mussel population cycling can have a deleterious impact
on benthic communities (Botts et al., 1996, Kobak et al., 2016, Marsden and Chotkowski, 2001,
Ward and Ricciardi, 2007). Additionally, these impacts could be compounded by other factors
which compromise benthic habitats such as urbanization.
High and dense human populations typically lead to increased urbanization and subsequent
environmental stressors on proximate lands and aquatic systems. Stressors associated with
urbanization, such as sedimentation caused by residential and industrial development projects, can
compromise stream habitat and adversely affect sensitive benthic macroinvertebrates and fish
communities (Walsh et al., 2005).
Benthic macroinvertebrates are considered effective and practical bioindicators of water
quality (Rosenberg and Resh, 1993, Kenney et al., 2009). Generally, both lakes and streams have
high relative abundances of tolerant organisms like dipterans, oligochaetes and turbellarians (Ward
and Ricciardi, 2007), but streams typically feature a more diverse community of more sensitive
gilled macroinvertebrates than lakes and large rivers (McCabe, 2011). Several macroinvertebrate
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families are susceptible to the stress of urbanization and could be vulnerable to habitat changes
caused by invasive species.
The goal of this research was to quantify the impacts of deposited zebra mussel shells on
stream macroinvertebrates communities and determine if these impacts varied between urban and
rural ecosystems. This was accomplished through a field experiment where substrates were
directly manipulated by implanting enclosures with mixtures of cobble and mussel shells into the
benthic environment of urban and rural streams. Cobble and shell treatments consisted of low (0,
25%) and high (75%,100%) density mussel shell concentrations. In general, I anticipated
macroinvertebrate community composition to differ with shell density, with the most diverse
communities being found in low shell density treatments. However, in high shell density treatment
I expected macroinvertebrate diversity to decrease. I suspected that these effects would be
intensified in rural streams, as they typically feature diverse benthic habitat and expansive sensitive
macroinvertebrate communities.
Materials and Methods
I documented the effects of zebra mussel shells, and changes in habitat quality due to
urbanization on stream macroinvertebrate colonization in the Rouge, Huron and Clinton River
watersheds, located in southeastern Michigan using an experimental field manipulation. I used a
series of enclosure experiments to test the effectiveness of empty zebra mussel shells as a
macroinvertebrate colonization substrate in urban and rural sites of three stream systems. To
separate the physical component of zebra mussel infestations, sites were selected that had no
previous reported invasions.
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Study sites
The study was conducted in three urban watersheds in Southeastern Michigan, USA, the
Rouge, Clinton and Huron River watersheds. The Rouge River watershed includes the suburbs of
Detroit, which is Michigan’s most densely populated city (pop. 639,111), has a drainage area of
1210 km2, and a length of 204 km. The Huron River is nearly the same length as the Rouge (211
km), but has a larger, 2352 km2 drainage area. This watershed contains Ann Arbor, which is
Michigan’s 6th largest city (pop. 123, 851). The Clinton River watershed has the 3rd and 4th most
densely populated cities in Michigan, Warren (pop. 139,387) and Sterling Heights (pop. 134,346),
respectively. Although the Clinton River (133 km) is shorter than the Rouge and Huron rivers, its
drainage area is nearly as large (2000 km2) as the Huron River watershed (Hay-Chmielewski et
al., 1996, Haas and Francis, 2006, Beam and Braunscheidel, 1998, Brown, 2021, McCormick,
2021).
Publicly available benthic macroinvertebrate data were used to select a high- and lowquality sites for each river. Biannual biomonitoring data was collected by The Friends of the Rouge
(FOTR), Clinton River Watershed Council (CRWC) and Huron River Watershed Council
(HRWC) which are non-profit citizen science organizations that have collected such benthic
macroinvertebrate data to monitor stream health for decades. Michigan Clean Water Corps
(MCWC) has developed a stream health metric that uses macroinvertebrate abundance and
evenness to classify stream health as poor, fair, good or excellent, and is widely used among citizen
science organizations. Biomonitoring data is recorded bi-yearly by volunteers and made publicly
available. Using publicly available benthic macroinvertebrate data, two sites were selected from
each river, one ranked as poor and another as excellent quality. High-quality sites (rated as
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“excellent”) were chosen from watershed tributaries where urban development is scarce, and lowquality sites (rated as “poor”) were selected from highly urbanized areas.
Urban and rural sites
were selected for analysis in
Rouge, Clinton and Huron River
watersheds. The Johnson Drain
in Plymouth Charter Twp., MI
(pop. 27,798, 41 km2, 678/km2),
was the rural site, and Ingersol
Creek in Novi, MI (pop. 66,243,

Figure 9. Locations of rural and urban
experimental sites in the Rouge, Clinton and
Huron River watersheds, southeastern
Michigan (USA).

78 km2, 849km2) was selected as the urban site in the Rouge River watershed. In the Clinton River
watershed, the rural site was at Stony Creek in Oakland Charter Township, MI (pop. 20,067, 95
km2, 211/ km2), and the urban site was the Plum Brook Drain in the densely populated Sterling
Heights, MI (pop. 134,346, 95 km2, 1414/ km2). The Huron River watershed rural site was in
Indian Springs in White Lake Charter Twp., MI (pop. 31,356, 96 km2, 326/ km2), and the urban
location was Silver Creek in Flat Rock, MI. (pop. 10,004, 17 km2, 588/ km2) (Figure 9).
Categorizing Urbanization
Urbanization level of selected sites in the Rouge, Clinton and Huron rivers were
characterized using the Geographic Information Systems (GIS), World Population Density
Estimate 2016 (WPDE) (Frye et al., 2018) and ArcGIS pro-2.8. This GIS data set characterizes
urbanization on a global scale using human population density. Human population density at all
selected sites was ranked as rural (0-100 persons/km2), settled (100-400 persons/km2), or light
urban/urban (400-1908 persons/km2). Using the WPDE imagery layer, a 1 km2 polygon was drawn
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around each site. The area within each
polygon was visually analyzed and the
total population density class per km2
was categorized by percent cover.
Selected

rural

sites

were

>50%

rural/forest (uninhabited, undeveloped)
and urban sites were >50% light
urban/urban (Figure 10).
Colonization racks
Colonization

racks

were

comprised of four treatments contained in plastic trays (10X10X6cm), attached to a 1.27cm, PVC
frame and covered with 0.635cm plastic mesh, which prevented the shells from drifting
downstream, while allowing macroinvertebrates up to 0.635cm to enter and exit the colonization
trays. Additionally, three holes measuring 2.54cm in diameter were bored into all four sides of
each plastic tray to
allow
macroinvertebrate
individuals up to 1
inch to enter and
exit
Figure 11. Colonization racks featuring 4
experimental treatments, 0%, 25:75%,
75:25%, 100% dreissenid shell, cobble ratios
that were installed in urban and rural sections
of the Rouge, Clinton and Huron rivers.

Trays

the

trays.

acted

as

blocks

and

contained

one

38

replicate of each treatment. Experimental treatments included combinations of dreissenid shells
and cobble at four concentrations between 0-100%. Concentrations of mussel shells and cobble
consisted of 100% shells, 75:25% shells:cobble, 25:75% shells:cobble and 100% cobble as a
control treatment (Figure 11). Treatments were randomized within the experimental trays. Similar
colonization trays have been used extensively to examine changes in macroinvertebrate
community composition in a variety of environmental conditions (Duggan et al., 2018, Cadmus et
al., 2018, Iwasaki et al., 2021). Dreissenid shells were collected from deposition sites at the
Newburgh Lake outflow (GPS coordinates: 42.366, -83.410) in Livonia, MI. Dreissenid shells
were washed, soaked in 90% ethanol for 24 hours and dried before being utilized as an
experimental substrate.
Six colonization racks containing all 4 experimental treatment types (n=6) were randomly
placed in each study site, anchored in place with rebar, left for a 40-day colonization period and
then collected. In the field, plastic trays were removed from PVC frames of colonization racks,
rinsed through a 355-um sieve and preserved in 90% ethanol. In the laboratory, macroinvertebrates
were separated from sediments and identified to the family taxon. In most cases, rebar anchors
successfully held dreissenid shell colonization racks in place within their locations, however, some
racks flipped, turned or were otherwise disturbed in their environment.
In both urban and rural sites, a single tray flipped in the Clinton (urban and rural), Rouge
(urban and rural) and Huron (rural) sites, totaling five disturbed trays. In the Rouge and Huron
rivers, disturbed trays had turned but were still submerged and colonized by macroinvertebrate
organisms. However, disturbed trays in Clinton River urban and rural sites completely flipped, and
treatments were exposed to air, only partially submerged, and featured few organisms. This was
evidenced when visually assessing the data using non-metric multidimensional scaling (NMDS)
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where treatments that were not colonized presented as outliers (APPENDIX B, Figure S1). Racks
with disturbed treatments were removed from the analysis because they were treated as statistical
blocks.
Habitat assessment and water quality testing
Habitat quality was assessed at each study site using the Environmental Protection Agency
(EPA) Qualitative Habitat Evaluation Index (QHEI). The QHEI is a composite metric which
evaluates substrates, instream cover, channel morphology, the riparian zone, pool, riffle and run
quality. Metrics within the QHEI were compiled and evaluated on a scale from 0-100 with scores
ranging from very poor (<30), poor (30-42), fair (43-54), good (55-69), and excellent (>70)
(Rankin, 1989). In addition to habitat assessment, water chemistry measurements such as dissolved
oxygen (DO), conductivity, temperature, and pH were recorded using a YSI 556 multiparameter
probe during installation. These data were tested to detect differences by river and urbanization.
Data analysis
Data analysis was performed using R version 4.0.5 (R Core Team, 2021). Normality and
homogeneity of variance were formally tested using Shapiro-Wilks and Bartlett’s tests with the
Rcmdr package (Fox, 2005, Fox 2017, and Fox, 2020). For assessments of family richness, count
data were used, and normality of residuals was not assumed, but an estimation of variance was
conducted by testing for overdispersion.
Analysis was conducted using a split-plot, block design with 3 factors including 4 different
shell treatments (100% shells, 75:25% shells:cobble, 25:75% shells:cobble and 100% cobble)
(n=6), at 2 levels of urbanization (rural and urban), in 3 rivers (Huron, Rouge and Clinton).
Diversity and richness were quantified using ecological metrics as functional units for comparison.
The Shannon diversity index, which is a proportional abundance-based diversity measure, and
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family richness (based on count of macroinvertebrate families in a sample) were calculated for
each shell treatment. Diversity was compared using linear mixed model (LMM) based on restricted
maximum likelihood using the lmer function in the lme4 package (Bates et al., 2015). In this
model, treatment, urbanization level and river were treated as fixed effects, and block as a nested
random effect. Since an evaluation of significance is not provided for random effects using lmer,
the ranova function in the lmerTest package (Kunetsova et al., 2017) was used to derive p-values.
Unlike Shannon diversity, family richness is comprised of count data and is more appropriately
compared using a generalized linear mixed model (GLMM) with a Poisson error distribution. This
was accomplished using the glmer function in the glmm package (Knudson, 2020). To determine
the best fit GLMM, the impacts of fixed effects like river, urbanization level, dreissenid shell
treatment, and the nested random block effect on macroinvertebrate family richness were tested
with analyses of variance (ANOVA). Since an ANOVA test conducted on glmer models does not
produce significance values in R, a maximum likelihood ratio (MLR) test was manually computed
for fixed and random effects to derive p-values. An ANOVA can then be used on the results to
determine which effects had the greatest impact on macroinvertebrate family richness. Pairwise
comparisons for both linear and generalized linear mixed models was conducted with a Tukey test
using the emmeans function of the emmeans package (Lenth, 2021).
I determined the impacts of experimental shell treatments, blocks, urbanization level, and
river on macroinvertebrate community composition using non-parametric permutational
multivariate analysis of variance (PERMANOVA) (Anderson, 2001) using the adonis function in
the vegan package (Oksanen, 2018). Analyses were based on Bray Curtis dissimilarity of
macroinvertebrate relative abundances. The strata option in the adonis function was used to
constrain permutations and detect differences between blocks within sites. To meet the assumption
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of homogeneity of dispersion for multivariate analysis, macroinvertebrate relative abundance data
was square root transformed. Homogeneity of multivariate dispersion of shell density treatments
was computed using the betadisper function, and visually inspected with a non-metric
multidimensional scaling plot (NMDS) (metaMDS function) and tested formally using a
permutation analysis of variance (permutest function) (PERMANOVA). Pairwise comparisons of
significant differences among treatments were conducted with the pairwise.per.manova function
in the RVAideMemoire package (Herve, 2015), and similarity percentages were calculated.
Similarity percentages identify the most influential families in pairwise comparisons between
treatments and indicate the percentage of variance for all families that contribute >70% difference.
Water chemistry and habitat assessments were compared by river and urbanization. Like
macroinvertebrate data, water chemistry and habitat assessment data were tested for normality and
homogeneity of variance using Shapiro-Wilks and Bartlett’s tests, respectively. Differences in
temperature, dissolved oxygen, pH, conductivity and QHEI results were compared by river using
one-way ANOVAs and by urbanization level with Welch’s t-tests.
Results
All 3 river watersheds had extensive rural, settled, light urban and urban spaces, with the
Rouge and Clinton having higher coverage of light urban and urban spaces than the Huron. Unlike
the Rouge and Clinton River watersheds, the Huron features large swathes of agricultural land.
Population density in rural sites was low, ranging from 0-100 people and were approximately 85%
forested. In contrast, urban sites were >60% light urban/urban and had a range of 400-1908
persons/km2 (Table 7).
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Table 7. Latitude, longitude and percent cover of forest, rural and urban land surrounding a 1 km2 area at
experimental sites in the Rouge, Clinton, and Huron River watersheds located in southeastern Michigan
(MI, USA).
River
Clinton
Clinton
Rouge
Rouge
Huron
Huron

Class
Rural
Urban
Rural
Urban
Rural
Urban

Latitude/Longitude
Forest Rural Light urban Urban
42.733413, -83.117607
85%
0%
15%
0%
42.568258, -82.976443
25%
15%
50%
10%
42.393642, -83.534371
85%
10%
5%
0%
42.462228, -83.446785
0%
0%
40%
60%
42.692889, -83.498847
85%
0%
15%
0%
42.095615,-83.276827
10%
0%
60%
30%

Macroinvertebrate family richness differed by river (X2(2, N=11)=15.38, p<0.005,
GLMM, MLR) with the Clinton River having fewer families than the Huron (p<0.005) and Rouge
(p=0.03) rivers. However, there was no difference in richness between the Huron and Rouge rivers

B

B
A

Figure 12. A comparison
of macroinvertebrate
family richness in the
Clinton, Huron and
Rouge rivers in
southeastern Michigan,
USA. Boxes indicate the
25th and 75th percentiles
and bars are minimum
and maximum values.
Differing letters indicate
significant differences
among means
(generalized linear mixed
model p<0.05).

(p=0.11)

(Figure

12).

Differences in family richness
were not noted between urban
and rural cover types (X2(1,
N=3)=0.8728,

p=0.35,

GLMM),

density

treatments

shell

(X2(3,

N=6)=2.982, p=0.39, GLMM)

or interactions between urbanization and shell density (X2(3, N=9)=0.3236, p=0.95, GLMM).
However, block effects contributed significantly to overall variance (X2(1, N=11)=43.491,
p<0.005, GLMM).
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A
B

B

Figure 13. A comparison
of macroinvertebrate
Shannon diversity (H) in
the Clinton, Huron and
Rouge rivers in
southeastern Michigan,
USA. Boxes indicate the
25th and 75th percentiles
and bars are minimum
and maximum values.
Differing letters indicate
significant differences
among means (linear
mixed model p<0.05).

Much
richness,

like

family

macroinvertebrate

diversity (Shannon diversity)
differed depending on river
(F(2,125)=13.380,

p<0.005,

ANOVA), with the Huron
having a much more diverse
macroinvertebrate community

than the Clinton (T=-4.960, p<0.005) and the Rouge (T=3.678, p<0.005) rivers (Figure 13).
However, there was no difference in diversity between the Clinton and Rouge rivers (T=-1.407,
p=0.34). Although diversity did not differ between urban and rural cover types (F(1,2)=0.4394,
p=0.51, ANOVA) or among shell density treatments (F(3,4)=2.113, p=0.10, ANOVA) on their
own, there was an interaction between the two variables (F(3,8)=3.454, p=0.01, ANOVA) where
100% shell density treatment was more diverse than the 25% treatment when averaged among
urban sites of all three rivers
(T=- 3.392, p=0.02), but did not
B

change in rural sites (T=0.190,
p=1.0) (Figure 14).

A

The relative abundance
of macroinvertebrate organisms
differed between urban and rural
systems

and

among

shell

treatments (F(23, 112)=7.022,

Figure 14. A comparison of macroinvertebrate Shannon diversity
(H) among four zebra mussel shell treatments consisting of 0, 25,
75 and 100% shell densities in urban and rural sections of three
southeastern Michigan rivers, USA. The letters A and B represent
diversity differences at alpha <0.05 using a linear mixed model.
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p<0.005, PERMANOVA) (NMDS, APPENDIX B, Figure S2), but did not differ between racks
within rivers (F(5,135)=0.031, p=1.0, PERMANOVA). Comparisons of macroinvertebrate
relative abundance showed fewer sensitive taxa in urban than rural treatments within all three
rivers aside from two comparisons in the Clinton River urban and rural 25% shell treatments
(p=0.12), and the urban 100% and rural 25% treatments (p=0.07) (Table 9) which did not differ.
In most cases, this trend persisted when comparing urban and rural reaches among rivers
(APPENDIX B, Table S1, S2).
Zebra mussel shell density treatments did not impact macroinvertebrate community
structure at urban sites in the Rouge, Clinton or Huron rivers (p>0.05), or rural sites in the Rouge
and Clinton rivers (p>0.05) (Tables 8 and 9). However, differences were detected when comparing
controls (0%) to 75% (p=0.04) and 100% (p=0.01) treatments in the rural Huron River site (Table
10).
Table 8. Significance values (p-values) derived from pairwise comparisons of varied shell density
treatments in urban and rural reaches of the Rouge River located in southeastern Michigan (MI, USA).
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Table 9. Significance values (p-values) derived from pairwise comparisons of varied shell density
treatments in urban and rural reaches of the Clinton River located in southeastern Michigan (MI, USA).
Asterisks (*) indicate non-significant differences in comparisons between urban and rural treatments.
Clinton River
0%
Urban
Clinton River
Rural

0%
25%
75%
100%
0%
25%
75%
100%

0.8143
0.8812
0.6191
0.0075
0.0075
0.0075
0.0075

Urban
25%
0.9565
0.8713
0.026
0.125*
0.0148
0.0075

75%
0.9109
0.009
0.0434
0.0137
0.0075

100%
0.009
0.0769*
0.0079
0.0075

0%
0.8713
0.7464
0.5631

Rural
25%
0.8812
0.975

75%
0.6965

100%
-

Table 10. Significance values (p-values) derived from pairwise comparisons of varied shell density
treatments in urban and rural reaches of the Huron River located in southeastern Michigan (MI, USA).
Asterisks (*) indicate significant differences between treatments in the rural stretch of river.
Huron River
0%
Urban
Huron River
Rural

0%
25%
75%
100%
0%
25%
75%
100%

0.8911
0.8426
0.503
0.0075
0.0075
0.0079
0.0079

Urban
25%
0.8405
0.8025
0.0079
0.0079
0.0075
0.0075

75%
0.8332
0.009
0.0075
0.0075
0.0075

100%
0.0075
0.0079
0.0075
0.0075

0%
0.6764
0.0458*
0.0148*

Rural
25%
0.4414
0.1832

75%
0.7768

100%
-

Six macroinvertebrate families, Chironomidae, Leptophlebiidae, Hydropsychidae,
Heptageneiidae, Elmidae and Ephemerellidae, were identified as the most influential contributors
to changes in community structure in the rural Huron River (Table 11). This includes four highly
sensitive Ephemeropteran (Leptophlebiidae, Heptageneiidae, and Ephemerellidae), and
Trichopteran (Hydropsychidae) families. There were two tolerant families that influenced
macroinvertebrate community composition, the common Dipteran Chironomidae, and
Coleopteran Elmidae families. The relative abundance of most sensitive gilled macroinvertebrates
decreased as shell density increased, however, the Ephemeropteran Leptophlebeiidae increased
with dreissenid shells. Similarly, relative abundance of chironomids increased with shell density,
but Elmidae beetles showed no specific pattern.
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Table 11. Mean relative abundance and similarity percentage (simper) of the most influential
macroinvertebrate families in the 0, 75 and 100% shell density treatments in the Huron River rural site,
southeastern Michigan (MI, USA).

Water chemistry values (i.e., temperature, dissolved oxygen, pH, and conductivity) did not
differ when compared by river or urbanization level (urban or rural) (p>0.05). Mean habitat
Qualitative Habitat Evaluation Index (QHEI) scores did not vary when compared by river (p>0.05)
but differed by urbanization with urban sites scoring lower than their rural counterparts (T=4.250,
p=0.01) (Table 12).
Table 12. Water quality and habitat assessment data for the Rouge, Clinton and Huron River urban and
rural sites. Comparisons of habitat assessments Qualitative Habitat Evaluation Index (QHEI) comparisons
by urbanization level indicated that urban sites had lower quality habitat than rural sites (T=4.250, p=0.01).

Discussion
Zebra mussel shells can impact macroinvertebrate communities differently depending on
shell density and coverage types (urban or rural) found in the surrounding watershed.
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Environmental stressors associated with urban land use typically increase impermeable surface
density, tree loss, and sedimentation. These changes can alter habitat (Li et al., 2019) and degrade
the local macroinvertebrate species pool (Palmer et al., 2010, Gai et al., 2019). Differences in
macroinvertebrate species between rivers can impact community responses to environmental
stressors, and habitat stability and diversity can affect macroinvertebrate community composition
(Lake, 2000, Palmer et al., 2010). Though the three rivers in this study are similar, there are
differences which may uniquely impact their macroinvertebrate species pools.
The Huron River had the most diverse macroinvertebrate community, and the Clinton
River had the lowest family richness. The three river watersheds in this study, the Rouge, Clinton,
and Huron, are proximally adjacent, but distinctly different from one another. For instance, the
Huron River watershed features approximately ½ the human population (650,000), of the Rouge
and Clinton which have nearly 1.5 million residents in each watershed (Brown, 2021, McCormick,
2021). In contrast to having the lowest human population density, the Huron River has the largest
drainage area (2352 km2) and may be subjected to lower levels of urbanization than the other
watersheds in this study. Without these stressors, Huron River sites feature diverse benthos with
an extensive community of sensitive gilled organisms. The Clinton River watershed is almost as
large (2000 km2) as the Huron and much more urban (Hay-Chmielewski et al., 1996, Beam and
Braunscheidel, 1998). Multiple urban stressors may have degraded the Clinton River
macroinvertebrate regional species pool.
Although there were no detectable differences in water quality between urban and rural
sites, habitat assessments did differ by urbanization in all three rivers. Urban sites had less instream
cover (e.g., overhanging vegetation, etc.), lower substrate quality (e.g., boulders, cobble, gravel
sand, etc.) and subsequent sedimentation. Sedimentation in rivers occurs when fine particulates
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enter the system and settle in the stream bottom through gravity or other mechanical means. Most
Plecoptera, as well as several Ephemeroptera (Heptageneiidae, Baetiscidae, etc.) and Trichoptera
families (Hydropsychidae, Philopotamidae, etc.) utilize benthic substrates, like pebble and cobble,
and their interstitial spaces to collect/gather food resources, or for nest building (Molokwu et al.,
2014). Sedimentation can obscure pebble (4-64mm diameter) and cobble substrates (64-256mm
diameter) and fill the negative space between parcels with finer particulates causing habitat losses
(Lee et al., 2006, Wheeler et al., 2005). Habitat losses associated with urbanization could cause
shifts in macroinvertebrate community composition and impact upper trophic levels like fish.
However, mussel shell deposition at high densities can provide a novel substrate which may
mitigate habitat losses at high densities.
High density mussel shell treatments were associated with increased macroinvertebrate
diversity in urban river reaches, but this response was not detected in rural sites of the same river.
Rural river ecosystems feature diverse benthic habitat and commonly have a diverse representation
of regional fauna (Yanoviak and McCafferty, 1996). As urbanization increases, losses in habitat
heterogeneity coincide with reductions in sensitive families which may be lost from urban reaches
of river (Walsh et al., 2004). However, these results indicate that as zebra mussels are introduced
as a novel habitat, macroinvertebrate diversity increases.
This partially affirms my hypothesis that diversity would increase with shell density in
urban systems but decrease in rural locations. The impetus for this claim is that sedimentation in
highly urbanized river areas would homogenize benthic habitat, and that shells would introduce a
novel substrate to be colonized by macroinvertebrate organisms. This hypothesis was driven by
widely held beliefs that increased macroinvertebrate diversity correlates with higher levels of
habitat heterogeneity (Yanoviak and McCafferty, 1996, Palmer et al., 2010). I supposed that when
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shells were introduced into an urban environment with an additional substrate, like cobble, that
there would be a more positive impact than what was observed in treatments with only mussel
shells. However, this was not the case as I found the highest levels of diversity in the 100% shell
treatments in urban systems. It could be that macroinvertebrate communities gain high quality,
complex habitat from high density mussel shell treatments, but when cobble is mixed with shells
in low density treatments, some of these benefits are lost. As such, the types of habitats may matter
less than quality and complexity to urban macroinvertebrate communities.
Differences in macroinvertebrate community composition between urban and rural sites
was consistent among rivers, with sensitive organisms dominating in rural reaches and tolerant
organisms in urban locations of all three systems. Urban sites were dominated by pollution tolerant
dipterans like Chironomidae, and annelids like Naididae, and Glossiphoniidae. In addition, urban
sites had robust mollusk communities with gastropods from the families Physidae, Planorbidae,
Hydrobiidae and bivalves from Sphaeriidae and Cyrenidae. Dipterans and annelids and tolerant,
sinistral (left-handed) mollusks are some of the most tolerant organisms that can be found in
benthic substrates (Patrick and Palavage, 1994). Unlike their urban counterparts, rural sites were
dominated by sensitive gilled organisms such as Ephemeropteran families (i.e., Heptageneiidae,
Leptophlebiidae and Ephemerellidae), and trichopterans (i.e., Hydropsychidae) that were
significant drivers of diversity and abundance in these rural systems.
Sensitive gilled benthic organisms are crucial to the functionality of river ecosystems as
they transform recalcitrant nutrients, provide food resources, inform us about water quality and
pollution (Goodnight, 1973, Vannote et al., 1980). Most mayfly and caddisfly families are
herbivores, but diverse families can consume algae through variety of feeding strategies such as
scraping, filter feeding, collecting and gathering (Vannote et al., 1980). Herbivory can occur at

50

high rates and impact overall primary production. Burrowing and nest building behavior can cause
bioturbation which frees food particles from river substrates and can alter nutrient flow (Lamberti
et al., 1987, Bachteram et al., 2005); however, these impacts depend on the families that are present
in an aquatic system.
As density increased in dreissenid shell treatments, leptophlebiid mayflies increased in
relative abundance, however, heptageniids and ephemerellids decreased. Although all three mayfly
families can cling to solid substrates and stabilize in flowing waters (Jacobus et al., 2019), only
Leptophlebiidae are skilled swimmers (Clifford et al., 1978). If unstable dreissenid shell substrates
are constantly shifting, clinging mayflies like heptageniids and ephemerellids may struggle to
utilize benthic substrates and their relative abundance would diminish. This could increase the
proportional abundance of other organisms including leptophlebiids who may be able to better
navigate shell substrates. However, this could also account for shifts in the relative abundance of
slower moving organisms like hydropsychid caddisflies, elmid beetles, and chironomids.
Hydropsychidae and Chironomidae are slow moving benthic organisms that are intimately
tied to stream substrates. Both hydropsychid caddisflies and chironomids (midge larvae) use silk
to anchor themselves to the stream bottom, however, there are different reasons for this.
Hydropsychidae are a sensitive, net-spinning caddisfly family. Hydropsychid relative abundance
decreased in higher shell density treatments when compared to the control. Like mayflies, net
spinning caddisflies depend on stable substrates. These organisms use silk to spin nets in interstitial
spaces of stream substrates which collect free floating organic matter to be used as food resources
(Cardinale et al., 2004). If substrates shift, silt nets could be destroyed and compromise caddisfly
feeding. Unlike Hydropsychidae, tolerant and ubiquitous Chironomidae relative abundance
increased with shell density. Chironomid larvae use silk and sediment to build nests and pupate.
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These organisms use depressions in mussel valves as refugia in stream substrates and can move
with the environment if it shifts. This use of shell morphology allows tolerant chironomids to
withstand disturbances in the benthic substrates caused by unstable, shifting shells.
Conclusion
Like lakes and large rivers (>30m), zebra mussel shell deposits in small streams correlate
with reductions in sensitive and increases in tolerant macroinvertebrate families. Assessing the
impacts of invasive mussel shell deposition in small streams offered the unique opportunity to
compare urban and rural reaches of the same system, and to see that the impact that shell density
on macroinvertebrate communities differs by urbanization. For instance, macroinvertebrate
community diversity increased with dreissenid shell density in urban river reaches, indicating that
shells are utilized as a colonization substrate in urban systems. Conversely, the Huron River
watershed has the lowest area of urban land use and highest levels of macroinvertebrate diversity
of any river in this study. As predicted, diversity losses coincided with increasing shell densities
in its rural reaches. This research indicates that macroinvertebrate responses to dreissenid shell
density are influenced by urbanization, and its impact is a function of diversity. As such, diverse
macroinvertebrate communities in rural streams may degrade while tolerant urban communities
benefit from dreissenid shell deposition.
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CHAPTER 3: DIFFERENTIAL IMPACTS TO MACROINVERTEBRATE DIVERSITY,
AND EVENNESS ASSOCIATED WITH ASIAN CLAMS ACROSS A LATITUDINAL
GRADIENT
Introduction
The Asian clam (Corbicula fluminea) is the most persistent and widespread non-native,
freshwater bivalve in North America (McMahon, 2000). It was first observed in the United States,
in Washington’s Columbia River in 1938 (Counts, 1986), and has since spread to 48 states, the
District of Columbia and Puerto Rico. With broad environmental tolerances, Asian clams have
invaded and established in a variety of North American climates and ecosystems.
The Asian clam can dramatically affect the ecosystems which it invades. Once Asian clams
establish, they can displace native bivalves, bio-foul benthic sediments and reduce ecosystem
health. Asian clams burrow in riffle substrates and disturb sedimentary deposits which can reduce
habitat that is utilized by indigenous mollusks and the benthic community (Crespo et al., 2015).
They also share niche space with and can outcompete benthic filter feeding organisms which rely
on algae and small planktonic organisms as food resources (Sousa et al., 2008). Asian clams can
also physically restructure habitat with their dense, calcium carbonate shells which, like other
invasive bivalves, are deposited in the environment upon their death, and can impact benthic
macroinvertebrates (Botts et al., 1996, Ward and Ricciardi 2007, Bodis et al., 2014).
Asian clams can inhabit benthic substrates of freshwater lakes, rivers, and brackish
estuaries (Evans et al., 1979), however, there are distinct environmental constraints such as low
temperatures and dissolved oxygen (Sickel, 1986) that restrict their distribution. With oxygen
demands of >7.5mg/l (70%), Asian clams are confined to well oxygenated streams, rivers, and
lake littoral zones. Although Asian clams can tolerate temperatures from 2 to 30 degrees Celsius,
they cannot endure overwinter freezing and require warm waters for spawning (McMahon, 1979).
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With rising global temperatures, warming surface waters of lakes, rivers and estuaries are likely
to facilitate Asian clam invasions and establishment in previously uninhabitable environments.
Since 1880, average global temperatures have risen over 1 degree Celsius, with the ten
warmest years on record occurring since 2005 (Lindsey and Dahlman, 2021). As global
temperatures rise, arctic ice reduces, and coastal land is exposed leading to increased
decomposition, CO2 and greenhouse gas deposition (Lindsey, 2020). These changes can create a
positive feedback loop which can accelerate climate warming.
Historically, the earth climate zones have been characterized by various classification
systems. The Köppen-Geiger classification system is the most broadly utilized categorization
method to describe variation in global climate zones. It is a vegetation-based system that was
introduced by the German botanist Wladimir Köppen in 1884, updated by Rudolf Geiger through
1961, and is used in predictive climate models from the Tyndell Center for Climate Change
Research using data sets provided by the Climate Research Unit (CRU), and the University of East
Anglia and German Climate Center’s Global Precipitation Climatology Center (GPCC) (Rubel
and Köttek, 2010). According to the Köppen-Geiger system, the eastern United States features
four discrete climate zones which include humid, warm summer continental (Dfb), humid, hot
summer continental (Dfa), humid subtropical (Cfa), and equatorial, monsoonal, wet tropical
rainforest (Am) (Köppen, [1884] 2011). Predictive climate models suggest that changes in
Köppen-Geiger climate classifications in the eastern United States will be dramatic in northern
climates. As global temperatures and precipitation in the eastern United States continues to
increase, Dfa and Cfa climates are predicted to move northward replacing the cooler, temperate
Dfb climate found in the upper Midwestern states (Kottek et al., 2006). As such, changing climates
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could remove historical environmental constraints that have limited range expansion of some
invasive species.
The presence of Asian clams in the Great Lakes was first reported in Lake Erie in 1980
where they occluded pipes that discharge warm water effluent from the Perry Nuclear power plant
in North Perry, Ohio. It was projected that Asian clams in the Great Lakes would be confined to
thermal regions such as shorelines and the effluent of power plants (French and Schlosser, 1996),
however, they have spread throughout the Great Lakes. Asian clams are mostly found in shorelines
and nearshore regions (<10m deep) but have been reported in profundal zones of some lakes (>40m
deep) (Whitman et al., 2010). Historically, Asian clams have shown preference for warmer
environments than those located in the Great Lakes. With that, Asian clam sightings increase with
temperature and decreasing latitude in Ohio, Georgia, and Puerto Rican climates where they persist
throughout the southeastern continental US and into tropical Puerto Rico (USGS, 2019).
Unlike the upper Midwest which did not report Asian clams until 1980, sightings in
southern Ohio and Georgian streams began as early as 1960. At the time of this study there were
fewer than 15 reports of Asian clams in Puerto Rico, which started as recently as 1998 (USGS,
2019). Although there have been few Asian clam reports in Puerto Rico, they are widespread
across the Island and include coastal rivers, lakes and reservoirs. In Michigan, however, Asian
clam populations are confined to the southern part of the state as there are only 10 of its more than
50 sightings occur north of 43° latitude. Asian clams are ubiquitous in the southern climates of
Ohio and Georgia with more than 500 reports in Ohio and 2000 in Georgian lakes, rivers and
streams.
Although the United States Geological Survey (USGS) has reported extensive sightings of
Asian clams throughout the United States, population density data are unavailable (USGS, 2019).
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As such, it is unclear whether increased Asian clam reports in the southeastern United States and
territories correlate with increased population densities, or just presence. Further, the specific
impacts of Asian clam invasions on native faunal communities are sparsely represented in the
existing literature and there are no comparisons of these effects in rivers and streams among or
within contrasting climate zone.
The objective of this research was to quantify Asian clam population densities, and shells,
document trends in clam size, and quantify the impacts of invasions on benthic macroinvertebrate
communities in four climate zones found along the eastern coast of North America. I suspect that
higher densities of Asian clams will be found in southern locations and that macroinvertebrate
community diversity, evenness and tolerance will dimmish with increasing Asian clam densities.
I also predict that the impacts of increasing Asian clam densities on macroinvertebrates will be
more severe in southern than northern climates due to the presence of highly diverse
macroinvertebrate communities. A better understanding of how Asian clam populations differ
along a latitudinal gradient may help inform how invasion potential shifts, and native faunal
communities respond to a changing climate.
Materials and Methods
Site selection
Sampling sites were selected
from streams invaded by Asian clams

43⁰N
39⁰N
32⁰N

in four climate zones described by the
Köppen-Geiger classification for the

18⁰N

midwestern and southeastern United
States. These designations, from

Figure 15. Map of Asian clam, stream sampling locations in
eastern United States of America (USA) and Puerto Rico.
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north to south, include Dfb (D = snow, f = fully humid, b = warm summer), Dfa (D = snow, f =
fully humid, a = hot summer), Cfa (C = warm temperature, f = fully humid, a = hot summer), and
Am (A = equatorial, m = monsoonal) climate types (Köppen, 2011).
One region per climate zone, which included eight river locations, was selected for
assessment (Figure 15). The northernmost location in this study is southeastern Michigan which
has a Köppen-Geiger climate designation of Dfb and is located at 43⁰ north latitude. South of that
location is Cincinnati, Ohio and its surrounding areas which are located at 39⁰ north latitude and
feature a Dfa climate. Further south is Statesboro Georgia, and Georgia Southern University which
is found at 32⁰ north latitude with a Cfa climate. Finally, the southernmost location, in Puerto Rico,
is found at 18⁰ north latitude.
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Table 13. Site locations, river system, climate zone and Global Positioning Systems coordinates for
sampled areas within this study, which was conducted in North America, USA.
`

Climate

River/watershed
Rouge
Huron
Huron
Rouge
Rouge
Rouge
Rouge
Rouge

Site Code
MR9
IL
RB
CB
WL
DE
Wall3
JDr

Location
Westland, MI
Brighton, MI
Brighton, MI
Plymouth, MI
Plymouth, MI
Beverly Hills, MI
Novi, MI
Northville, MI

Latitude/Longitude
42.347075, -83.291716
42.512704, -83.676906
42.504453, -83.710102
42.370433,-83.438417
42.383216, -83.456227
42.524460, -83.245914
42.495221, -83.496156
42.394807, -83.528741

Dfa, hot summer,
humid continental
(OH)

Little Miami
Little Miami
Little Miami
Little Miami
Little Miami
Little Miami
Great Miami
Great Miami

CCG
PP
OBCrr
OBCnp
MC
PE20
SR
GMr

Waynesville, OH
Waynesville, OH
Loveland, OH
Loveland, OH
Lebanon, OH
Springboro, OH
Dayton, OH
Middletown, OH

39.482601, -84.065227
39.494061, -84.104312
39.270766,-84.258121
39.268463,-84.255536
39.372217,-84.251322
39.543006, -84.256082
39.799553,-84.206438
39.520553,-84.413495

Cfa, humid
subtropical (GA)

Ogeechee
Ogeechee
Ogeechee
Ogeechee
Ogeechee
Ogeechee
Ogeechee
Ogeechee

CVS
Tonka
LLGR
LCR
LC46
15MC
SC
SLR

Statesboro, GA
Statesboro, GA
Statesboro, GA
Statesboro, GA
Register, GA
Twin City, GA
Olifftown, GA
Wilson's Store, GA

32.435228, -81.782268
32.436800, -81.786752
32.431017, -81.770465
32.393825, -81.772454
32.355426, -81.857136
32.530943, -82.127456
32.516113, -82.059404
32.973365, -82.022441

Am, tropical
monsoonal (PR)

Lajas/Cabo Rojo
Lajas/Cabo Rojo
Rio Coamo
Rio Yauco
Rio Piedras
Rio Piedras
Lajas/Cabo Rojo
Cabo Rojo

QDLL
QM
QG
Llucc
ElS
UPRBG
TopFuel
BRB

Llanos, Lajas, PR
Palmarejo, Lajas, PR
Villalba, PR
Palmas Gordas, Yauco, PR
San Juan, PR
San Juan, PR
Llanos, Lajas, PR
Boqueron, Cabo Rojo, PR

18.029600,-67.113600
18.029500,-67.085400
18.115089,-66.453871
18.116918,-66.876877
18.367355,-66.062557
18.392952,-66.056751
18.028930,-67.109286
18.006157,-67.149151

Dfb, warm
summer, humid
continental (MI)

Within each of the four climates, eight river locations were selected (N=32, n=8). Selection
of locations (Table 13) was based on information from publicly available resources, personal
observation, and previously established communication networks. Because there are few publicly
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available reports of Asian clam
invasions in the Dfb climate, invaded
sites located in the Rouge and Huron
rivers

were

empirical

obtained
observation

Figure 16. Eight sampling
locations (n=8) in
Michigan’s, warmsummer, humid
continental (Dfb) climate,
43⁰N latitude (USA).

through
and

communications with the Friends of
the Rouge (S. Petrella, personal
communication, February 2018) and the Huron River Watershed Council (P. Steen, personal
communication, March 2018) (Figure 16).
The United States Geological Survey, Nonindigenous Aquatic Species (USGS-NAS)
database was used to select rivers and streams impacted by Asian clam invasions when possible.
USGS-NAS data was particularly useful in Dfa, and Cfa climates since there are many Asian clam
reports in these locations (USGS, 2019). In addition to the USGS-NAS, researchers from the Ohio
Environmental Protection Agency (EPA) (K. Fritz, personal communication, April 2018) (Figure
17), the Ogeechee riverkeeper, Georgia’s
Figure 17. Eight
sampling locations
(n=8) in Ohio’s, hotsummer, humid
continental (Dfa)
climate, 39⁰N latitude
(USA).

Department of Natural Resources (DNR)
state malacologist, and researchers from
Georgia Southern University (L. Roberson,
J. Wisniewski, C. Colon-Gaud, personal
communication, May 2018) were consulted
to ensure safe access and successful
sampling in these climates (Figure 18).
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Figure 18. Eight
sampling sites
(n=8) located in the
coastal plains of
Georgia, humid
sub-tropical (Cfa)
climate, 32⁰N
latitude (USA).

Like the Dfa and Cfa climates, a
combination of existing reports to the USGSNAS were used in conjunction with information
provided by researchers from the University of
Puerto Rico – Mayagüez to select sampling sites
with populations of Asian clam invasions in the
Am climate. These sites included tributaries of
Lago Lucchetti in Lajas valley, Rio Piedras, Rio

Toa Vaca, Rio Chiquito and the wetlands of Cabo Rojo (C. Santos-Flores, P. Gutierrez-Fonseca,
personal communication, April 2018) (Figure 19).
Experimental Design
This study was conducted in the summer of 2018. Stream sampling began in the
southernmost location, Puerto Rico,
from June 2nd to the 16th and
continued in our northernmost
climate, Michigan, was conducted
in July. Sampling continued in

Figure 19. Eight
sampling
locations (n=8) in
the tropical
climate (Am) of
Puerto Rico,
18⁰N latitude
(USA).

southeastern Georgia streams from
August 4th-18th, and Ohio in
September.
To assess habitat quality, the Ohio Environmental Protection Agency (EPA) Qualitative
Habitat Evaluation Index (QHEI) was conducted for all eight sampling sites within each climate
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designation (Rankin, 1989). QHEI results were averaged and compared among climates to detect
differences in Asian clam populations.
The population density of Asian clams was quantified at all sampling sites across all
climates using a ½ m2 frame quadrat, randomly tossed in triplicate within each sampling site. In
addition to counting Asian clams within each quadrat area, a 355µm mesh sieve was used to
extract, and capture clams that have burrowed into sandy substrates of river riffles (Vaughn and
Hakenkamp, 2001). Asian clams and empty clam shells were removed from areas within quadrats,
sieved, and separated from river substrates and preserved in 90% ethanol. Once removed from
river substrates, clams were classified as living or dead, and counted. Asian clams, Asian clam
shells and a combination of live clams and shells were averaged to determine the density of each
group per m2 at each sampling site.
In addition to quantifying Asian clam population and shell densities, average clam size by
climate was also documented. To accomplish this, 10 living and 10 dead organisms were randomly
selected from each of the eight sampling sites within the four, climate zones and measured using
a digital caliper. Volume of living and dead Asian clams was calculated within climates, averaged
and compared.
An assessment was conducted at each site using the EPAs widely accepted multi-habitat,
Rapid Bioassessment Protocol (RBP2) method (Barbour et al., 1992, 1999). This method requires
the random extraction of benthic organisms from the environment, classification to the family
taxon, and an evaluation of community tolerance to organic pollution using the Hilsenhoff Biotic
Index (HBI) (HBI = (∑ni x ai)/N, where n = the number of specimens in taxa i, a = tolerance value
of taxa i, and N = the total number of specimens in a sample) (Hilsenhoff 1987). Using the HBI,
organisms are assigned a tolerance number from 0 to 10 pertaining to that group's known
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sensitivity to organic pollutants: 0 being most sensitive, 10 being most tolerant. Macroinvertebrate
samples were collected from stream sites using a 150µm mesh dip net targeting cobble and Asian
clam substrates in river riffles. If riffles were not present in sampling sites, alternate habitats were
targeted based on pre-invasion substrata and river flow rates. In addition to riffle substrate
sampling, course particulate organic material (CPOM) deposition zones were sampled. The Rapid
Bioassessment Protocol 2, subsampling process includes the removal, and streamside sorting of
benthic macroinvertebrates from riffle and CPOM habitat (Barbour et al., 1992, 1999). After
collection, riffle and CPOM samples were transferred from the dip net to an enamel pan and
macroinvertebrates were sorted streamside and preserved in 90% ethanol. Preserved
macroinvertebrates were transferred to the laboratory where they were classified to family as
recommended by the RBP2 procedure.
Dissolved oxygen and temperature were logged with a YSI Pro DO, pH with a MettlerToledo SevenGo, and conductivity with a Mettler-Toledo EL3-k meter. Flow rate was recorded
using the surface float method (Rantz et al., 1982). A single water chemistry reading was recorded
from each site and flow assessments were conducted in triplicate.
Data analysis
Data was analyzed using R version 4.0.5 (R Core Team, 2021) with statistical significance
set at α=0.05. A series of analyses of variance (ANOVAs) and covariance (ANCOVAs) were used
to test data and non-parametric alternatives such as the Kruskal-Wallis and post hoc chi-square
were utilized when appropriate. All data was sampled independently, and visually inspected for
linearity using a smoothing function in R. To ensure that ANOVA and ANCOVA assumptions
were met, residuals were formally tested for normality with Shapiro Wilks tests, and Bartlett’s
tests was used to verify homogeneity of variance. If data was not normal or homoscedastic, it was
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transformed as needed. This included log-transformations of shell density, Simpson diversity,
arcsine transformations of evenness, and square root-transformations of Hilsenhoff Biotic Index
(HBI), and ET% (Ephemeroptera, and Trichoptera) data.
Densities of living, dead, and combined (living and dead) Asian clams and their sizes were
compared among climates using ANOVAs. Since both living and dead clams can restructure
benthic habitat, their combined impacts were considered when evaluating macroinvertebrate
responses to Asian clam densities.
A collection of ecological indices was used to quantify changes in macroinvertebrate
community composition and tolerance presumably resulting from Asian clam invasions.
Community composition metrics included Pielou’s evenness (J = H/ln(S), where H = Shannon
diversity, and S = family richness) (Pielou, 1966), Shannon diversity (H = ∑!"#$ 𝑝𝑖 ln(𝑝𝑖) pi, where
pi is the proportion of the ith family to total families in a sample) (Shannon, 1948), and inverse
Simpson diversity (J = ∑!"#$ 1/ pi2) (Simpson, 1949). Tolerance metrics included the HBI
(described earlier), a modified Benthic Index of Biotic Integrity (B-IBI) (Morley, 2000), and %ET
taxa (Ephemeroptera and Trichoptera) (Lenat, 1988). The B-IBI is a composite metric meant to
quantify macroinvertebrate tolerance to sedimentation by evaluating % dominance, total richness,
Ephemeroptera richness, Plecoptera richness and Trichoptera richness. These five metrics are
ranked from 1 to 5 and summed. Organisms from the order Plecoptera were excluded from B-IBI
metrics because this order has not been reported in Puerto Rico (Gutierrez et al., 2013), and
updated family tolerance values (FTV) for Puerto Rico provided by Gutierrez and Ramirez (2016)
were incorporated in HBI assessments of the Am climate.
Macroinvertebrate community responses were compared using ANCOVAs with pairwise
comparisons of adjusted means, and best-fit models were selected using the Akaike Information
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Criterion (Akaike, 1976, Venebles and Ripley, 2002). The ANCOVA model included climate as
the predictor variable, macroinvertebrate metrics as response variables, and Asian clam population
density as a covariate. If the response variable (metrics) varied significantly with the main effects
(predictor or covariate) of the model, post hoc Tukey tests were conducted to identify differences
among groups. If interaction effects were significant Pearson correlations were used to assess the
impacts of climate and Asian clam density on macroinvertebrate responses (Nguyen-Feng and
Stellmack, 2016).
Qualitative Habitat Evaluation Index and
water

chemistry

values

were

tested

Table 14. Qualitative Habitat Evaluation Index (QHEI)
results for eight river locations in four different climates
found in Michigan, Ohio, Georgia and Puerto Rico, USA.

for

covariation with metrics at each site in all climate
zones and Extreme Studentized Deviate (ESD)
tests

were

conducted

on

all

univariate

macroinvertebrate data to detect and remove
outliers (Grubbs, 1950) if indicated.
Results
Habitat assessment
Habitat quality, based on the Qualitative
Habitat Evaluation Index (QHEI), ranged from
excellent (>70) to poor (<30) in each location but
did not differ when compared among climates
(H(3)=9.10, P=0.88, Kruskal-Wallis) (Table 14).
Empty Asian clam shell densities differed by
climate zone (F(3, 28)=3.753, p=0.02, ANOVA), but living (H(3)=4.13, P=0.24, Kruskal-Wallis)

64

and combined (living and dead) (F(3,28)=1.802, p=0.17, ANOVA) populations did not (Table 15).
There were fewer empty Asian clam shells in Georgia (Cfa climate) (M=39.07 m2, SE=37.65)
when compared to other climates with the biggest difference between Georgia and Michigan (Dfb)
climates (M=302.22 m2, SE=129.09; t=3.295; p=0.01). Asian clams did not vary in size among
climates (F(3,18)=1.737, p=0.19, ANOVA) (Table 15).
Table 15. Average living Asian clam population density, empty shell density and combination of average
density of living Asian clams and empty shells found in four rivers in the United States of American, in the
states of Michigan (MI), Ohio (OH), Georgia (GA), and the territory of Puerto Rico (PR).
Climate

River/watershed
Rouge
Huron
Rouge
Rouge
Rouge
Rouge
Rouge
Huron

Site code
Wall3
IL
CB
Dfb, warm
JDr
summer, humid
MR9
continental (MI)
DE
WL
RB
mean(±SE)
Great Miami
SR
Little Miami
PE20
Great Miami
GMr
Dfa, hot summer,
Little Miami
MC
humid continental
Little Miami
OBCrr
(OH)
Little Miami
CCG
Little Miami
PP
Little Miami
OBCnp
mean(±SE)
Ogeechee
SC
Ogeechee
15MC
Ogeechee
LCR
Cfa, humid
Ogeechee
LLGR
subtropical (GA)
Ogeechee
Tonka
Ogeechee
LC46
Ogeechee
SLR
Ogeechee
CVS
mean(±SE)
Rio Yauco
Llucc
Lajas/Cabo Rojo
TopFuel
Lajas/Cabo Rojo
QDLL
Am, tropical
Lajas/Cabo Rojo
QM
monsoonal (PR)
Rio Piedras
ElS
Rio Piedras
UPRBG
Rio Coamo
QG
Cabo Rojo
BRB
mean(±SE)
p-value

Avg. per m sq.
47.67
33.89
51.46
6.27
16.31
7.53
156.91
31.38
43.92(±17.21)
0
5.02
0
1.25
0
24
64
0
11.78(±8.00)
30.16
0
7.54
30.16
197.09
15.08
0
0
35.00(±23.58)
0
0
8.78
10.05
0
0
291.6
50.27
45.08(±35.72)
0.28

Shells per m sq. Avg. and shells per m sq.
45.17
42.66
166.96
100.42
396.69
224.08
10.04
8.15
6.27
11.29
92.89
50.21
741.91
449.41
957.83
494.6
302.22(±129.09)
172.60(±69.83)
0
0
2.51
3.76
20.08
10.04
36.4
18.83
149.33
74.66
725.33
374.66
1365.33
714.66
1.33
0.67
287.53(±176.91)
149.66(±92.38)
0
15.08
10.05
5.02
0
3.77
0
15.08
302.53
249.81
0
7.54
0
0
0
0
39.07(±37.65)
37.03(±30.46)
0
0
0
0
18.83
13.8
15.08
12.56
60.33
30.16
65.35
32.67
65.35
178.48
608.34
329.31
104.16(±72.70)
74.62(±41.48)
*0.02
0.17
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Table 16. Average living Asian clam volume, empty shell volume and combination of average volume
(mm cu.) of living Asian clams and empty shells found in four rivers in the United States of American, in
the states of Michigan (MI), Ohio (OH), Georgia (GA), and the territory of Puerto Rico (PR).
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Table 17. Water chemistry, and flow rate results from four river reaches in eastern United States of
America, in the states of Michigan (MI), Ohio (OH), Georgia (GA) and the territory of Puerto Rico (PR).
Climate

River/watershed
Rouge
Huron
Rouge
Rouge
Rouge
Rouge
Rouge
Huron

Site code

Wall3
IL
CB
Dfb, warm
JDr
summer, humid
MR9
continental (MI)
DE
WL
RB
mean(±SE)
Great Miami
SR
Little Miami
PE20
Great Miami
GMr
Dfa, hot summer,
Little Miami
MC
humid continental
Little Miami
OBCrr
(OH)
Little Miami
CCG
Little Miami
PP
Little Miami
OBCnp
mean(±SE)
Ogeechee
SC
Ogeechee
15MC
Ogeechee
LCR
Cfa, humid
Ogeechee
LLGR
subtropical (GA)
Ogeechee
Tonka
Ogeechee
LC46
Ogeechee
SLR
Ogeechee
CVS
mean(±SE)
Rio Yauco
Llucc
Lajas/Cabo Rojo TopFuel
Lajas/Cabo Rojo
QDLL
Am, tropical
Lajas/Cabo Rojo
QM
monsoonal (PR)
Rio Piedras
ElS
Rio Piedras
UPRBG
Rio Coamo
QG
Cabo Rojo
BRB
mean(±SE)
p-value

Flow rate (m/s)

Temperature (⁰C)

pH

0.48
0.63
0.63
0.52
0.32
0.48
0.62
0.37
0.51(±0.04)
0.51
0.62
1.14
0.87
0.20
0.17
0.23
No data
0.53(±0.13)
0.19
0.51
0.32
1.09
0.24
0.46
0.38
0.36
0.44(±0.09)
0.42
0.35
0.18
0.79
0.47
No data
0.66
0.42
0.47(±0.07)
0.58

7.5
25.8
19.2
7.8
22.7
15.4
17.6
24.6
17.57(±2.49)
24
7.1
22.7
25.2
26.7
19
22.8
21.7
21.15(±2.16)
26.25
27.02
26.76
24.95
29.16
25.8
28.53
25.18
26.71(±0.53)
27.5
30.7
27
29.4
27.4
No data
31.8
30.7
29.21(±0.68)
*<0.005

10.03
8.61
8.38
9.49
8.1
9.16
8.68
8.35
8.85(±0.23)
7.88
9.2
7.51
7.19
8.24
8.67
8.04
8.11
8.11(±0.22)
7.42
7.96
7.36
7.4
7.19
7.48
7.29
7.27
7.42(±0.08)
6.81
6.99
6.86
7.22
6.82
No data
7.79
7.71
7.17(±0.14)
*<0.005

Dissolved Oxygen (mg/L) Conductivity (µs/L)
10.54
8.44
9.1
10.21
7.95
9.54
9.57
6.13
8.935(±0.50)
9.51
12.01
9.11
10.58
9.71
11
10.04
7.82
9.97(±0.44)
5.21
5.23
5.93
5.87
6.52
4.84
4.67
6.82
5.64(±0.27)
9.99
9.6
5.35
7.93
10.86
No data
8.54
2.99
7.89(±0.98)
*<0.005

725
733
999
492
1279
704
837
826
824.375(±82.43)
650
474
531
757
812
369
726
822
642.63(±59.26)
90
65
171
98
152
74
150
109
113.63(±13.91)
305
263
856
338
397
No data
614
519
470.29(±74.29)
*<0.005

Water temperature was higher in southern climates and decreased from south to north

(H(3)=21.31, p<0.005, Kruskal-Wallis) (Table 17) with temperatures being significantly lower in
Ohio (Dfa) (p=0.01) and Michigan (Dfb) (p=0.003) when compared to Puerto Rico. Michigan
water temperatures were also cooler than those in Georgia (Cfa) (p=0.04). Conversely, pH was
higher in the north and decreased in southern climates (H(3)=18.40, p<0.005, Kruskal-Wallis)
(Table 17) with Michigan having a higher pH than Georgia (p=0.01) and Puerto Rico (p=0.003).
Similar patterns were observed when comparing dissolved oxygen (DO) (H(3)=15.11, p=<0.005,
Kruskal-Wallis) and conductivity (H(3)=20.65, p<0.005, Kruskal-Wallis) (Table 17) by climate,
where Ohio (DO, p=0.009; conductivity, p=0.01) and Michigan (DO, p=0.05; conductivity,

Qualitative Habitat
Evaluation Index
53.2
72.5
60.4
59.6
54.3
63.6
71.5
60
61.88(±2.50)
62.5
67.2
49.1
58.7
73.8
65.5
74.4
62.4
64.20(±2.90)
79.1
77.65
60.3
40.2
43.6
72.9
73.4
25
59.02(±7.19)
66
31.5
69.4
52.5
63.6
N/A
62.4
54.4
57.11(±4.52)
0.88
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p=0.002) had significantly higher values than the southern climate in Georgia. Flow rate (p>0.05)
did not differ among rivers in the four climate zones (Table 17).
Macroinvertebrate assessment
Using the Akaike Information Criterion (AIC) as a model selection tool, Asian clam
density, climate and their interaction were retained in ANCOVA models for all macroinvertebrate
community composition and tolerance metrics.
Independently, neither increasing Asian clam density (F(1,24)=0.385, p=0.54, ANCOVA
covariate) or climate (F(3,24)=1.162, p=0.34, ANCOVA main) had an effect on macroinvertebrate
Simpson diversity, but their interaction (F(3,24)=3.144, p=0.04, ANCOVA interaction)
significantly impacted results. This interaction indicates that Simpson diversity responses to
increasing Asian clam density are dependent on climate zone. In the northern, Dfb climate of
Michigan, macroinvertebrate Simpson diversity had a positive relationship with increasing clam
densities (r(6)=0.69, p=0.03, Pearson correlation), but this was not so in the tropical, Am climate
of Puerto Rico where an inverse relationship with clam densities (r(6)=-0.55, p<0.005, Pearson
correlation) was observed. There was no relationship between Asian clam density and diversity in
the Ohio (Dfa) (r(6)=0.12, p=0.90, Pearson correlation) or Georgia (Cfa) (r(6)=-0.24, p=0.50,
Pearson correlation) climate zones (Figure 20).
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Figure 20. Macroinvertebrate Simpson diversity responses to increasing Asian clam densities in four
Köppen-Geiger climate designations in the eastern United States of America. These designations include
the Dfb, warm-summer, humid continental climate of Michigan, the Dfa, hot-summer, humid continental
climate of Ohio, the Cfa, humid subtropical climate of Georgia and the Am, tropical, monsoonal climate of
Puerto Rico. Changes in Simpson diversity as clam density increased differed by climate zone (A), with a
direct relationship in the Dfb climate (B), and an inverse relationship in the Am climate (E). There was no
correlation detected between diversity and clam density in the Dfa (C) or Cfa (D) climates. The arrow
designates relative location from north (N) to south (S) latitude.

Macroinvertebrate Shannon diversity was not affected by Asian clam density
(F(1,24)=0.700, p=0.41, ANCOVA covariate), climate (F(3,24)=1.227, p=0.32, ANCOVA main),
or their interaction (F(3,24)=2.775, p=0.06, ANCOVA interaction). Though climate did not
influence the impact of increasing Asian clam density on macroinvertebrate Shannon diversity,
these results were nearly significant and showed a similar pattern to Simpson diversity results
when compared by climate (Figure 21).
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Figure 21. (A) Macroinvertebrate Shannon diversity (H) responses to increasing Asian clam densities, and
(B) box plots of H responses in four Köppen-Geiger climate designations in the eastern United States of
America. These designations include the Dfb, warm-summer, humid continental climate of Michigan, the
Dfa, hot-summer, humid continental climate of Ohio, the Cfa, humid subtropical climate of Georgia and
the Am, tropical, monsoonal climate of Puerto Rico. Boxes are 25th and 75th percentiles and bars are
minimum and maximum values.

Like diversity results, macroinvertebrate evenness was not impacted by increasing Asian
clam density (F(1,23)=0.040, p=0.84, ANCOVA covariate) or climate, however, climate effects
trended toward significance (F(3,23)=2.696, p=0.06, ANCOVA main). Evenness was impacted by
an interaction between increasing clam density and climate (F(3, 23)=5.366, p=0.005, ANCOVA
interaction), implying that as clam densities increased, changes in evenness were dependent on
climate. Macroinvertebrate evenness increased with clam density in the Dfb climate of Michigan
(r(6)=0.71, p=0.007, Pearson correlation), and decreased in the tropical Am climate of Puerto Rico
(r(6)=-0.74, p<0.005, Pearson correlation). There was no relationship between clam density and
evenness in the Ohio, Dfa (r(6)=-0.04, p=0.309, Pearson correlation) or Georgia, Cfa (r(6)=0.37,
p=0.39) climates (Figure 22).
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Figure 22. Macroinvertebrate evenness responses to increasing Asian clam densities in four Köppen-Geiger
climate designations in the eastern United States of America. These designations include the Dfb, warmsummer, humid continental climate of Michigan, the Dfa, hot-summer, humid continental climate of Ohio,
the Cfa, humid subtropical climate of Georgia and the Am, tropical, monsoonal climate of Puerto Rico.
Changes in community evenness as clam density increased differed by climate zone (A), with a direct
relationship in the Dfb climate (B), and an inverse relationship in the Am climate (E). There was no
correlation detected between evenness and clam density in the Dfa (C) or Cfa (D) climates. The arrow
designates relative location from north (N) to south (S) latitude.

The Benthic Index of Biotic Integrity, which was modified to exclude Plecopteran families
(MB-IBI) (APPENDIX C, Table S1), was not significantly impacted by changes in Asian clam
density (F(1,24)=1.020, p=0.32, ANCOVA covariate), or climate (F(3,24)=0.722, p=0.54,
ANCOVA main) on their own; however, the effects of increasing Asian clam densities on MBIBI results differed by climate (F(3,24)=3.097, p=0.04, ANCOVA interaction). However, only
MB-IBI results from the northern, Dfb climate of Michigan were correlated with Asian clam
density (r(6)=0.81, p=0.013). This positive correlation was the only significant relationship as MBIBI did not correlate with Asian clam density in the Dfa climate of Ohio (r(6)=0.17, p=0.67), Cfa
climate of Georgia (r(6)=-0.35, p=0.38) or Am climate of Puerto Rico (r(6)=-0.55, p=0.15) (Figure
23).
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Figure 23. The modified Benthic Index of Biotic Integrity (MB-IBI) responses to increasing Asian clam
densities in four Köppen-Geiger climate designations in the eastern United States of America. These
designations include the Dfb, warm-summer, humid continental climate of Michigan, the Dfa, hot-summer,
humid continental climate of Ohio, the Cfa, humid subtropical climate of Georgia and the Am, tropical,
monsoonal climate of Puerto Rico. Changes in MB-IBI results as clam density increased differed by climate
zone (A), with a direct, positive relationship in the Dfb climate (B). There was no correlation detected
between evenness and clam density in the Dfa (C), Cfa (D), or AM (E) climates. The arrow designates
relative location from north (N) to south (S) latitude.

Asian clam density did not influence Hilsenhoff Biotic Index (HBI) results (F(1,24)=0.676,
p=0.41, ANCOVA covariate), but it did differ by climate (F(3,24)=4.458, p=0.01 main). However,
there was no significant interaction between clam density and climate, (F(3,24)=2.627, p=0.07,
ANCOVA interaction). HBI results decreased in northern climates indicating higher stream quality
in northern locations with the greatest differences occurring between Puerto Rico (Am) (M=7.25,
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SE=0.75), Ohio (Dfa), (M=5.18, SE=0.35; t=-2.968, p=0.02), and Michigan (Dfb) (M=5.26,
SE=0.29; t=-2.825, p=0.04) climates (Figure 24).
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Figure 24. Differences in Hilsenhoff Biotic
Index (HBI) results in 4 Köppen-Geiger
climate designations in the eastern United
States of America. These designations include
the Dfb, warm-summer, humid continental
climate of Michigan, the Dfa, hot-summer,
humid continental climate of Ohio, the Cfa,
humid subtropical climate of Georgia and the
Am, tropical, monsoonal climate of Puerto
Rico. Boxes are 25th and 75th percentiles and
bars are minimum and maximum values.
Differing letters indicate significant
differences among means (Tukey’s p<0.05).
The arrow designates relative location from
south (S) to north (N) latitude.

Climate

Like HBI results, ET% (Ephemeroptera and Trichoptera) did not vary with Asian clam
density (F(1,24)=0.291, p=0.59, ANCOVA covariate), or as it interacted with climate
(F(3,24)=2.115, p=0.12, ANCOVA interaction), but independently, climate did impact ET%
results (F(3,24)=3.199, p=0.04, ANCOVA main). Percent ET varied most when comparing
macroinvertebrate responses in Ohio (M=48.2, SE=7.14) to Georgia (M=10.74, SE=8.14; t=2.790,
p=0.04) (Figure 25).
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Figure 25. Differences in ET%
(Ephemeroptera and Trichoptera) results in 4
Köppen-Geiger climate designations in the
eastern United States of America, including
Dfb, a warm-summer, humid continental
climate of Michigan, Dfa, a hot-summer,
humid continental climate of Ohio, Cfa, a
humid subtropical climate of Georgia and Am,
the tropical, monsoonal climate of Puerto Rico.
Boxes indicate the 25th and 75th percentiles
and bars are minimum and maximum values.
Differing letters indicate significant differences
among means (Tukey p<0.05). The arrow
designates relative location from south (S) to
north (N) latitude.
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Table 18. Community composition and tolerance metrics from eight river sites across four climate zones
located in the United States of America in the states of Michigan (MI), Ohio (OH). Georgia (GA) and the
territory of Puerto Rico (PR).
Community diversity
Climate

River/watershed

Site code

Shannon-Weiner

Inv. Simpson

Dfb, warm
summer, humid
continental (MI)

Rouge
Huron
Rouge
Rouge
Rouge
Rouge
Rouge
Huron

Dfa, hot summer,
humid continental
(OH)

Great Miami
Little Miami
Great Miami
Little Miami
Little Miami
Little Miami
Little Miami
Little Miami

Cfa, humid
subtropical (GA)

Ogeechee
Ogeechee
Ogeechee
Ogeechee
Ogeechee
Ogeechee
Ogeechee
Ogeechee

Am, tropical
monsoonal (PR)

Rio Yauco
Lajas/Cabo Rojo
Lajas/Cabo Rojo
Lajas/Cabo Rojo
Rio Piedras
Rio Piedras
Rio Coamo
Cabo Rojo

Wall3
IL
CB
JDr
MR9
DE
WL
RB
mean(±SE)
SR
PE20
GMr
MC
OBCrr
CCG
PP
OBCnp
mean(±SE)
SC
15MC
LCR
LLGR
Tonka
LC46
SLR
CVS
mean(±SE)
Llucc
TopFuel
QDLL
QM
ElS
UPRBG
QG
BRB
mean(±SE)

1.02
0.71
2.46
0.92
0.89
2.47
2.07
2.13
1.58(±0.27)
1.99
1.45
1.76
1.7
1.04
1.5
1.81
1.11
1.54(±0.11)
1.34
1.83
1.47
1.39
1.22
2.16
2.08
1.4
1.61(±0.12)
2.11
0.16
1.86
1.16
1.87
0.91
0.78
0.38
1.15(±0.25)

2.23
1.7
10.37
1.61
1.57
8.86
5.03
6.44
4.72(±1.24)
5.4
3.26
4.54
3.25
3.95
2.82
5.06
2.13
3.80(±0.40)
3.51
5.01
3.3
3.13
3.12
6.69
6.25
2.54
4.19(±0.55)
5.32
1.06
4.77
2.64
4.91
1.86
1.8
1.24
2.95(±0.62)

Community tolerance
Modified Bethic Index
%ET, Ephmeroptera,
Family evenness
Hilsenhoff Biotic Index of Biotic Integrity (MBTrichoptera
IBI)
0.57
2.4
6.91
7
0.51
23.07
4.07
5
0.93
11
5.41
15
0.44
3.44
5.9
7
0.4
82.75
5.12
9
0.85
36.47
5.75
13
0.74
32.88
4.81
15
0.78
51.42
5.2
19
0.65(±0.07)
30.42(±9.60)
5.39(±0.29)
11.25(±1.75)
0.73
46.42
5
19
0.7
41.17
3.94
11
0.71
39.36
5.68
19
0.68
64.35
4.71
17
0.5
69.81
5.12
11
0.6
10.78
6.17
13
0.72
33.33
6.08
19
0.5
66.32
5.48
7
0.64(±0.03)
46.44(±7.05)
5.27(±0.26)
14.5(±1.63)
0.83
0
8.06
9
0.83
21.56
4.01
13
0.71
31.25
6.85
9
0.67
5.63
6.6
7
0.88
0
7.31
7
0.84
65.85
4.53
21
0.87
3.84
5.15
13
0.64
1.88
6.35
7
0.78(±0.03)
16.25(±8.14)
6.10(±0.49)
10.75(±1.70)
0.78
54.68
4.57
19
0.12
0
7.93
5
0.77
45.58
4.72
17
0.65
86.04
4.14
11
0.81
37.97
5.13
15
0.56
4.54
6.52
7
0.56
0
6.78
5
0.34
0
8.08
5
0.57(±0.08)
28.60(±11.48)
5.98(±0.54)
10.50(±2.06)

Discussion
There are many challenges when attempting to understand how an invasive organism
responds to and impacts river systems, particularly, when its invasion is widespread and occurs
across several climates. This research, which evaluates the impacts of an invasive organism, Asian
Clams, on native faunal macroinvertebrate communities across four discrete climate zones,
attempts to address some of those challenges. My results suggest that there are differences in the
impacts of Asian clam invasions among climate zones, and that native macroinvertebrate
community responses differ by clam density within climates. It is not clear what aspects of Asian
clam populations drive changes in native benthos (shape, shell characteristics, chemical
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composition, competition, predator/prey interactions) (Bódis et al., 2014, Crespo et al., 2015), and
it is unknown how climate may affect these processes.
Asian clams and empty shells
Though living organisms are the common focus of most invasive species studies, past
generations of mollusks, and their remaining shells can continue to impact habitat structure.
Legacy shells of past generations can persist in benthic substrates after death and alter habitat as
they are pushed into deposition zones by flowing waters (Commito et al., 2018). In contrast, with
what is expected from living Asian clams which commonly burrow in sandy substrates (Sousa et
al., 2008) and can be found in riffle zones of lotic systems. Thus, systems that support living Asian
clam populations, and have persistent legacy shells may suffer from higher levels of habitat loss
than those with only living organisms.
In the Cfa climate of Georgia, there were fewer empty Asian clam shells than any other
climate, despite having high densities of living clams, and reports of invasion dating to the 1960’s
(USGS, 2019). Streams in this climate type had the second lowest pH, next to Puerto Rico, with
an average pH of 7.42 across the eight sites. The Ogeechee watershed is a blackwater river system,
rich in tannins and dissolved organic carbon (DOC) that rinses in from the river flood plain (Meyer
et al., 1987). Acidic compounds formed from DOC can lower stream pH and slowly degrade
calcium carbonate shells (Říhová et al., 2018). This process may contribute to the lack of shells
found in this climate.
Asian clam and climate impacts
Using the Köppen-Geiger classification system, Rubel and Kottek (2010) predicted that
the Dfb and Dfa climates of the Midwestern United States will be replaced by Cfa towards the end
of the 21st century (2075-2100). This change could have dramatic impacts on regional benthos and
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invasive species alike as the coldest months in the Cfa climate type are, on average, >0°C. These
conditions may eliminate overwinter freezing in the aquatic ecosystems of the Midwest. If
warming continues in northern climates, it is possible that Asian clam population densities will
increase, and without overwinter freezing to control their populations, there could be additional
range expansions. Further, northern climates are more limestone based, with a higher pH than
southern climates which could slow Asian clam shell degradation. As such, climate warming in
northern climates could lead to more Asian clams and legacy shells in the benthic environment.
The largest number of Asian clam sightings reported to the USGS-NAS occurs in the
southeastern United States (USGS, 2019), and the Cfa climate of Georgia had more reports than
any other climate type in this study. Although there are more Asian clam reports in the southern
United States, I found no difference in Asian clam density by climate. This was surprising since
more reports should correlate to higher Asian clam densities.
Asian clams were first detected in the Pacific Northwest in the late 1930’s, but they were
not reported in the eastern US until the late 1950’s, where they were first seen in the Ohio River
in Kentucky in 1957, and had spread throughout southern Ohio and Kentucky (Dfa climate) by the
early 1960’s. Ten years later, in 1967, Asian clams were spotted in the Flint and Ogeechee Rivers
of southern Georgia (Cfa climate), and spread throughout the state by the early 70’s. In the cooler,
northern Dfb climate of Michigan, they were not found until 1980 in Lake Erie, and 1986 slightly
north in the St. Clair River (USGS, 2021). However, based on geographic occurrences, it is
plausible that Asian clams have been present in the eastern US but at low numbers, and recent
elevated temperatures may have stimulated population increases.
Global surface temperatures have increased nearly 0.08˚C per decade since 1880, but this
rate of increase has nearly doubled since 1981 (Lindsey, 2020). With increased warming since the
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1980’s, Asian clams could be subjected to a change in propagule pressure (introduction effort)
which refers to the quantity of non-native individuals released into an environment (Lockwood,
2005). If temperatures increased in an environment where Asian clam propagules were present, a
gradual increase in pressure could occur, leading to their proliferation.
In northern, cooler climates it was previously thought that Asian clams could only establish
in cooler climates when they have direct access to atypically warm waters (French and Schlosser
1996), but recent work suggests contemporary evolution may explain their proliferation in northern
climates. Asian clams were recently discovered as far north as the St. Lawrence River in Ontario,
Canada (Castaneda et al., 2018), however, these populations were found near a thermal plume of
a nuclear power plant. Although these populations were not sustainable, their discovery prompted
studies of thermal tolerance of numerous Asian clam populations collected throughout the United
States and Canada (Cvetanovska et al., 2021). It was found that populations of Asian clams in
northern climates were more tolerant of low temperatures than those in the south. Likewise,
contemporary evolution driven by selection against low tolerance of cool temperatures could be
driving the success of northern Asian clam populations in our study. I found that Asian clams were
ubiquitous in the cooler, northern climates of Michigan and Ohio, and healthy populations were
present in these locations. Contemporary evolution may be one way that invasive species reconcile
thermal regulation, which is one of many environmental filters that limits their establishment
(Rahel and Olden 2008).
Macroinvertebrate community responses to Asian clams and climate
The process of invasion and accompanying changes in an ecosystem may qualitatively
change the impacts of an invader through time (Strayer et al., 2006). Typically, communities in an
invaded system incur acute effects shortly after invasion. Specifically, these impacts may relate to
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changes in resource and habitat availability and tend to equilibrate over time. Northern Asian clam
invasions are newer than those reported in southern climates and could be subject to acute effects.
Older, southern invasions may be subject to chronic effects that depend on how functionally
different the invader is from the community and its abundance (Vitousek, 1990). However, when
the invader can re-engineer ecosystems (Jones et al., 1994) the short- and long-term effects of
invasion could be more complicated. Native faunal responses to an organism such as the Asian
clam could be favorable in its acute phase, when new habitat is introduced, and more deleterious
in its chronic phase, when resources are reduced and competitive exclusion occurs. For instance,
when evaluating the impacts of increasing Asian clam densities on Simpson diversity, community
evenness, and the modified benthic Index of Biotic Integrity (MB-IBI), increases in diversity and
evenness were noted in the northern Michigan and decreases in the southern Puerto Rican climate.
Differences in macroinvertebrate responses to Asian clam populations in north and south climates
could relate to the history of invasion in the northern climate of Michigan, and island effects in
Puerto Rico.
Although Asian clam densities were only partially influential to macroinvertebrate
community composition, both climate and island effects impacted macroinvertebrate tolerance.
Specifically, the percentage of Ephemeroptera and Trichoptera taxa (%ET) was lower, and a more
pollution tolerant community (HBI) was detected in southern climates. Percent ET taxa was lowest
in Georgia when compared to other climate types. This is surprising considering that the latitudinal
diversity gradient suggests that southern climates should have more diverse macroinvertebrate
communities than those found in the north. The latitudinal diversity gradient describes a pattern
where the highest rates of diversification and speciation occur in the tropics, and that diversity is
lost as latitude increases. With that, it is expected that the climate with the highest
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macroinvertebrate diversity in this study would be in tropical Puerto Rico, and that diversity would
decrease moving north through Georgia, Ohio and Michigan. However, the latitudinal diversity
gradient is less consistent in freshwater than marine and terrestrial systems (Hillebrand, 2003), and
this pattern is further complicated as Puerto Rico is the only island in this study.
As a Caribbean Island, Puerto Rico is subjected to frequent disturbance, and its freshwater
fauna are resilient and adapted to quick recovery. However, island effects, natural disturbance, and
urbanization have limited what macroinvertebrates can reach and establish in this tropical system
(Ramirez et al., 2013). Island biodiversity is dependent on many factors such as immigration
potential, extinction rates, species turnover and island area (Macarthur and Wilson, 1967). Factors
such as proximity to mainland or source population are determinant to the survival of, and
introduction of new island species (Simberloff and Wilson, 1970). This is illustrated by the
species-area relationship which describes species diversity as a function of island area and isolation
from the mainland and neighboring islands.
At just over nearly 9,000 km2, Puerto Rico is the 5th largest island in the Caribbean Sea and
is only 130 Km from its closest neighboring island, Hispaniola, but is more than 800 Km from its
nearest mainland source population in Venezuela. To date, there are only 61 known
macroinvertebrate families that can be found in Puerto Rico’s freshwater ecosystems. This is
significantly fewer families than is found in the other climates in this study. For instance, there are
only 3 mayfly families on the island, (Gutierrez et al., 2013), whereas the Great Lakes region has
more than 20 mayfly families (Cummins, 1973, McCafferty 2021). Regardless of differences in
the ET regional species pool, we detected no differences in %ET taxa at the family level from the
northernmost climate in Michigan and the southernmost in Puerto Rico. However, there were
differences between ET taxa found in northern climates and those in Georgia’s Cfa climate.
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Blackwater systems such as Georgia’s Ogeechee River watershed are known to be acidic,
and slow moving with low dissolved oxygen (DO) and few free ions (Meyer et al., 1987). Gilled
ET taxa are sensitive to low DO systems and could struggle to survive in blackwater. In a carbon
rich, acidic environment, multiple stressors associated with blackwater systems could exacerbate
an already challenging river habitat and compromise the establishment of gilled organisms.
Although ET taxa can tell us a great deal about benthic community tolerance, the HBI metric offers
a more comprehensive analysis of macroinvertebrate response to stream quality. The HBI metric
indicated that the highest quality streams in this study were in the northern, humid continental
climates of Ohio and Michigan. There was no statistically identifiable difference between these
two climate types, which is not surprising considering that they are both in the temperate climate
zone, have a similar regional species pool and had comparable Asian clam densities. Southern
climates, however, had fewer sensitive organisms and more tolerant benthic communities.
Conclusion
The Asian clam has been in North America and the United States for nearly a century, but
population densities may be increasing in northern climates as temperatures rise. Although
publicly available invasion data indicates that there are more Asian clam sightings in southern
climates, we found that living clam densities were statistically the same among all four climate
types. However, there were fewer empty shells in the acidic, blackwaters of the Ogeechee River
located in southeastern Georgia. Macroinvertebrate diversity and evenness were not impacted by
Asian clam density or climate when analyzed independently, but macroinvertebrate responses to
increasing density was dependent on climate in temperate Michigan and the tropical island, Puerto
Rico. However, these responses differed as diversity and evenness increased with Asian clam
densities in the temperate climate but decreased in the tropics. In every case, climate affected the
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distribution of sensitive macroinvertebrates, with the most pollution tolerant communities found
in southern climates, and the most diverse Ephemeroptera and Trichoptera communities in the
north. Because macroinvertebrate responses differed between northern and southern climates,
climate driven factors such as such as temperature, precipitation and vegetation dictate variation
in responses to invasive species by native macroinvertebrates.
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SIGNIFICANCE
Bivalve invasions are a serious problem in North American freshwater systems. Some
species, like Corbicula fluminea (Asian clams) have become ubiquitous in surface waters, while
others like Dreissena polymorpha (zebra mussels) and Dreissena rostriformis bugensis (quagga
mussels), typically inhabit lakes and slow-moving rivers (>30m wide). Invasive bivalves alter
benthic substrates and degrade benthic habitat, but to what degree is dependent on population
density. This research contributes previously unknown family level, invasive bivalve population
density data of urban and rural streams located in four climate types, three states and a United
States territory in North America. In addition to quantifying living invasive bivalves in these
regions, “legacy shells” of former populations were also quantified.
Understanding invasive bivalve, and “legacy shell” population density is important
because many macroinvertebrates, and fish families are dependent on specific substrates in the
benthic environment. Increasing bivalve densities and subsequent shell deposition can obscure
natural substrates used as habitat and spawning grounds by macroinvertebrates and fish. Through
this research, I have determined that increasing dreissenid shell densities can degrade
macroinvertebrate communities and may influence fish during spawning periods. These results
suggest that the physical presence of invasive dreissenids can have direct impacts on multiple
trophic levels in freshwater streams.
Invasive species are associated with human activity and may be impacted by other
anthropogenic stressors like urbanization. Urbanization consists of multiple stressors which can
degrade aquatic systems, increase pollution, and sedimentation in surface waters. Like bivalve
shell deposition, sedimentation in surface waters can obscure and distort natural substrates used
by benthic macroinvertebrates as habitat. Through a field manipulation experiment this research
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shows that the impacts of invasive dreissenid shell deposition on macroinvertebrate community
diversity differs by urbanization. I found that macroinvertebrate communities utilize shells as
habitat in degraded, urban systems but rejected them in rural sites. This indicates that in degraded
urban rivers, where species invasion is more likely, native fauna may benefit from habitat
alterations caused by invasive bivalves.
The establishment of invasive species and macroinvertebrate responses to their presence
varies depending on climate type. This research quantified invasive living Asian clam, “legacy
shell” densities, and macroinvertebrate community responses in temperate and tropical climates
located in Michigan, Ohio, Georgia, and Puerto Rico (USA, North America). I determined that
Asian clams differentially impact macroinvertebrate communities depending on climate with a
positive correlation between increasing clam density and macroinvertebrate diversity in temperate
Michigan, and a negative correlation in tropical Puerto Rico. As Asian clam incidences increase
with surface water temperatures in northern climates, macroinvertebrate communities may
temporarily benefit from their presence as a novel substrate; however, as Asian clams degrade
stream and substrate quality their presence may have a negative impact on benthic communities as
seen in southern climates.
Although bivalve invasions and subsequent “legacy shell” deposition have a net negative
effect on benthic communities, this research shows that these impacts are dynamic. In urban
systems I found that native faunal communities benefit from invasive bivalves as a novel substrate,
but sensitive macroinvertebrate communities in rural systems degrade as shell densities increase.
Similarly, recent bivalve invasions, and shell deposition in northern climates may provide a novel
substrate that can be used by benthic macroinvertebrate communities. However, when bivalve
population densities increase and obscure natural substrates, habitat loss may compromise
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macroinvertebrate diversity and community health. Differences in population density and habitat
diversity appear to dictate macroinvertebrate responses and require dynamic management
strategies to control invasive bivalves in stream ecosystems.
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APPENDIX A

Figure S1. Dreissenid shell density compared between invaded and uninvaded sites of the Rouge
and Huron rivers located in southeastern Michigan, USA using a Welch’s t-test (W=0, p<0.001).
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Figure S2. Shell density pooled from invaded and uninvaded sites and compared between the
Rouge and Huron rivers in southeastern Michigan, USA using a Welch’s t-test (W=30, p=0.83).
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Table S1. Macroinvertebrate data from the 5-metric, composite Benthic index of Biotic Integrity
(B-IBI) in invaded and uninvaded sites in the Rouge and Huron rivers located in southeastern
Michigan (USA).
Site
PL
WB
WL
NL
QL
SP
ED
HP
KL
IP
RP
PortL
DM
PL
WhL
HM

River

Invasion
Invaded

Rouge
Uninvaded

Invaded
Huron
Uninvaded

Richness
7
8
8
11
9
9
9
10
7
14
16
8
18
12
20
8

Ephemoroptera Plecoptera Trichoptera % Dominance B-IBI
0
0
1 72.59259259
5
1
0
1 46.72131148
9
3
0
1 73.52941176
9
1
0
1 37.03703704
10
1
0
1
23
13
1
0
1 31.46853147
13
0
0
1 64.86486486
9
1
0
1 49.52380952
13
0
0
1 46.77419355
7
1
0
2
49
13
3
0
2 35.60606061
15
0
0
1 40.17094017
7
3
1
3 55.63380282
23
1
0
1 29.62962963
13
5
1
4 33.07086614
25
0
0
0 55.44554455
7
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Table S2. Fish data from the 12-metric, composite Index of Biotic Integrity (IBI) in invaded and
uninvaded sites of the Rouge and Huron rivers located in southeastern Michigan, USA.
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APPENDIX B

Figure S1. Non-metric multidimensional scaling (NMDS) ordination of shell density treatments
(A) before (stress=0.15) and (B) after (stress=0.16) removing one urban and rural disturbed
Clinton River colonization rack located in southeastern Michigan (USA).
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Figure S2. Pseudo-F plots based on Bray-Curtis distance in macroinvertebrate relative
abundance between dreissenid shell treatments in urban and rural reaches of the Rouge, Clinton
and Huron rivers. (A) F-values plotted against pseudo-F to test for homogeneity of multivariate
dispersion. (B) Plot of permutations against original pseudo-F value.
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Table S1. Significance values (p-values) derived from pairwise comparisons of varied shell
density treatments between the Huron and Rouge, and Huron and Clinton River urban and rural
sites located in southeastern Michigan (MI, USA).
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Table S2. Significance values (p-values) derived from pairwise comparisons of varied shell
density treatments between the Rouge and Clinton River urban and rural sites located in
southeastern Michigan (MI, USA).
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APPENDIX C
Table S1. Macroinvertebrate data from the modified 4-metric, composite Benthic index of Biotic
Integrity (MB-IBI) in Asian clam invaded sites rivers located in Michigan, Ohio, Georgia and
Puerto Rico (USA). With no known occurrence of plecopteran families in Puerto Rico, members
of this order were removed from all analysis.
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Asian clams (Corbicula spp.), zebra and quagga mussels (Dreisenna spp.) have invaded
and spread throughout North American surface waters. Corbicula and Dreisenna species bio foul
aquatic systems, occupy benthic substrates and degrade environments through shell deposition. I
explored how Dreissena and Corbicula invasions affect benthic fish and macroinvertebrate
communities, and examine how their impacts differ between urban and rural systems, and
temperate and tropical climates. Macroinvertebrate and fish communities were evaluated at sites
with increasing shell densities in the Rouge, and Huron rivers (MI, USA) using the United States
Environmental Protection Agency’s Rapid Bioassessment Protocols (RBP). Urban and rural
macroinvertebrate communities were compared by installing in situ colonization racks with
Dreissena shell/cobble treatments of 100/0%, 75/25%, 25/75%, and 0/100% in urban and rural
river reaches of the Rouge, Clinton and Huron rivers. I evaluated the impacts of Corbicula on
macroinvertebrate communities in rivers in four climate regions including Michigan, Ohio,
Georgia and Puerto Rico. All benthic community data was evaluated using water quality, diversity
and habitat metrics. In the RBP assessment of the Rouge and Huron rivers, I found that that relative
abundance of sensitive macroinvertebrates decreases as Dreissena shell densities increase in both

111

rivers. Benthic fish were not significantly impacted as shell densities increased in either river. In
rural reaches of the Huron River, fewer sensitive macroinvertebrate families colonized high
density shell treatments when compared to cobble; conversely, macroinvertebrate community
diversity was elevated in high shell densities when compared to low densities in urban reaches of
all three rivers. The impact of increasing Corbicula population densities differed as
macroinvertebrate diversity and evenness increased with population density in the temperate,
Michigan climate and decreased as clam densities increased in tropical Puerto Rico. These findings
indicate that bivalve invasions can have deleterious impacts on sensitive macroinvertebrates in
urban and rural settings but can provide habitat for urban communities. Although temperate
macroinvertebrates favor dense bivalve invasions in northern climates, declines in diversity and
evenness in the south may foreshadow responses as surface water temperatures increase. This data
could help management groups anticipate the impacts of invasive bivalves on native faunal
communities.
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